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PREFACE

This book specifically focuses on nanoparticle-based materials. It is intended to

provide a more detailed look in this subfield of nanomaterials. On the one hand, it

is intended to move beyond the broad, introductory stage of most books on nano-

materials and gives readers an in-depth coverage of this more specialized area. On

the other hand, the book provides a transition between conventional particulate

materials and nanoparticle-based materials so that the readers can view the exist-

ing and new fields in a continuous manner. The book is organized in the chrono-

logical order of nanoparticle material processing so that it can easily be used

as a textbook.

I am aware that, in various places, the book does not provide detailed theoretical

discussion of specific processes or the enabling techniques. This decision is based

on the fact that many fundamental theories and equations have been well explained

in other books and this book would be too long for the readers who mainly seek

a comprehensive treatment of nanoparticle-based materials. The nanomaterials

using nanoparticles as minor additives and polymer-based nanoparticle materials

have purposely been omitted. I have tried my best to use a large number of

representative images from the literature with the belief that seeing is believing.

This book is intended to provide comprehensive coverage for the readers

involved in the nanoparticle-based material field. Upper-level undergraduates,

graduate students, and professionals who are active in or curious about the fun-

damentals and advances in this area should find this book useful. I hope this

book provides deeper understanding and knowledge in this fascinating and wide-

ranging discipline. Each chapter can be used separately or in conjunction with

one another. Questions are provided at the end of each chapter for pondering.

xv
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This book would not have been possible without all the encouragement and

support from my colleagues, friends, students, and family. It is impossible to list

every one of them. Specifically, I would like to acknowledge Professor Randall

German for igniting my idea of writing this book. The reviewers’ efforts for

this book have been extremely helpful and I am thankful for their input. My

graduate and undergraduate students, especially Wenle Li, Bo Chen, Yongxuan

Liang, Zhenbo Xia, Kevin Penyak, Margaret Anderson, Kelly Ramsburg, and

Matt McCarley, helped me with the many details of the manuscript. I would like

to thank my family for giving me the time and encouragement for completing

this effort. Final thanks go to Anita Lekhwani at Wiley who helped bring this

book to fruition.

kathy lu
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FIGURE 1.2 Illustration of species, scales, and formats of nanoparticle-based materials.

FIGURE 1.7 Examples of consumer products that can use nanoparticles as antibacterial

agents.
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FIGURE 2.3 Illustration of the inert gas condensation process.

FIGURE 2.5 An illustration of physical vapor deposition process.



FIGURE 2.8 Illustration of chemical vapor synthesis process.

FIGURE 2.9 Illustration of laser ablation process.



FIGURE 2.21 Schematic diagram illustrating the formation of Mn3O4 nanoparticles

[66]. (Reprinted with permission from Davar F, Salavati-Niasari M, Mir N, Saberyan K,

Monemzadeh M, Ahmadi E. Thermal decomposition route for synthesis of Mn3O4 nanopar-

ticles in presence of a novel precursor. Polyhedron 2010;29:1747–1753, Copyright 2010,

Elsevier.)
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FIGURE 2.23 Solvothermal synthesis approaches and characteristics.



FIGURE 2.25 Illustration of the cryochemical synthesis process.

FIGURE 2.26 Illustration of the spray pyrolysis process.



FIGURE 2.29 Illustration of different crystal structure, composition, and properties for

core/shell particles.

Pd nanoparticle

11-mercaptoundecanoic
acid

Ce(IV) alkoxide

Dodecanoic acid
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Hydrolysis

FIGURE 2.30 Schematic representation of the procedure used to obtain dispersible

Pd@CeO2 core–shell nanostructures [136]. (Reprinted with permission from Cargnello M,

Wieder NL, Montini T, Gorte RJ, Fornasiero P. Synthesis of dispersible Pd@CeO2 core–

shell nanostructures by self-assembly. J Am Chem Soc 2010;132:1402–1409, Copyright 2010,

American Chemical Society.)

FIGURE 2.34 Illustration of biomimetic synthesis of nanoparticle composite structures or

nanoparticle-based assemblies.



FIGURE 2.38 Micelle and reverse micelle structures.
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FIGURE 2.40 Illustration of laser-assisted nanoparticle synthesis.
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FIGURE 2.41 Energy-dispersive spectroscopy chemical mapping of silver–gold alloy

nanoparticles demonstrates the presence of (a) silver and (b) gold in the four nanoparticles

marked by arrows and observed in (c) transmission electron image. (d) Other than silver and

gold, the energy-dispersive spectroscopy–high-resolution image also reveals the presence of

silicon. The limit of the shell is indicated by a dotted line in (e) transmission electron image

and illustrated in panel (f) [172]. (Reprinted with permission from Jimenez E, Abderrafi K,

Abargues R, Valdes JL, Martinez-Pastor JP. Laser-ablation-induced synthesis of SiO2-capped

noble metal nanoparticles in a single step. Langmuir 2010;26:7458–7463, Copyright 2010,

American Chemical Society.)



FIGURE 2.44 X-ray diffraction patterns of the prepared CdS/TiO2 composite at differ-

ent sonication times (mole ratio = 2.5) [184]. (Reprinted with permission from Ghows N,

Entezari MH. Fast and easy synthesis of core–shell nanocrystal (CdS/TiO2) at low temperature

by microemulsion under ultrasound. Ultrason Sonochem 2011;18:629–634, Copyright 2011,

Elsevier.)



FIGURE 2.46 Schematic diagram of the structural development during milling of TiC/Ti

nanocomposite powder [209]. (Reprinted with permission from Gu D, Meiners W, Hage-

dorn Y-C, Wissenbach K, Poprawe R. Structural evolution and formation mechanisms of

TiC/Ti nanocomposites prepared by high-energy mechanical alloying. J Phys D: Appl Phys

2010;43:135402-1-1, IOP Publishing, Inc.)

FIGURE 3.3 Atomic force microscopy image of Cu2O nanodots formed on a SrTiO3 sub-

strate [5]. (Reprinted with permission from Baer DR, Gaspar DJ, Nachimuthu P, Techane

SD, Castner DG. Application of surface chemical analysis tools for characterization of

nanoparticles. Anal Bioanal Chem 2010;396:983–1002, Springer Science + Business Media,

Fig. 6.)
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FIGURE 3.7 Small-angle X-ray scattering data from a gold particle suspension (circles)

and the corresponding layer (crosses) on a glass surface together with a calculation of the

sphere form factor (full lines). The x-axis is the scattering vector and the y-axis is the scattering

intensity. In (a), the curves for the smaller particles (11.6 nm) are shown, while in (b), the

SAXS from larger particles (39.2 nm) is depicted. The arrows mark the position of a structure

factor maximum, when a close packing of particles is assumed. In both cases, the observed

maximum is shifted to smaller scattering vectors [18]. (Reprinted with permission from Ciesa

F, Plech A. Gold nanoparticle membranes as large-area surface monolayers. J Colloid Interface

Sci 2010;346:1–7, Copyright 2010, Elsevier.)



FIGURE 3.14 Auger electron generation process.

FIGURE 3.16 X-ray photoelectron generation process.

FIGURE 3.18 Ion bombardment process during secondary ion mass spectroscopy.
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FIGURE 3.19 X-ray fluorescence spectroscopy working mechanism.
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beam

hv

FIGURE 3.20 Energy dispersive spectroscopy working mechanism.

FIGURE 3.21 EDS spectra of annealed Y2O3:Eu3 + nanoparticles prepared with (a) butanol,

(b) hexanol, (c) oleic acid, and (d) oleic acid as surfactants [77]. (Reprinted with permission

from Jadhav AP, Kim CW, Cha HG, Pawar AU, Jadhav NA, Pal U, Kang YS. Effect of different

surfactants on the size control and optical properties of Y2O3:Eu3 + nanoparticles prepared by

coprecipitation method. J Phys Chem C 2009;113:13600–13604, Copyright 2009, American

Chemical Society.)
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FIGURE 3.23 Comparison of EELS spectra (around 530 eV) collected on standard Fe3O4

nanoparticles, core/shell structured iron nanoparticles, and fully oxidized nanoparticles (no iron

core at the center). To exclude the uncertainty for the absolute energy-loss scale, the prepeak

is aligned at 532 eV, and, for clarity, each spectrum is vertically shifted [80]. (Reprinted

with permission from Wang C, Baer DR, Amonette JE, Engelhard MH, Antony J, Qiang Y.

Morphology and electronic structure of the oxide shell on the surface of iron nanoparticles.

J Am Chem Soc 2009;131:8824–8832, Copyright 2009, American Chemical Society.)

FIGURE 3.24 FT-IR characterization process.



FIGURE 3.26 UV-vis spectroscopy illustration.

FIGURE 3.28 Different energy states during Raman spectroscopy.

FIGURE 4.1 Top-down process of creating superstructures.
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FIGURE 4.2 Photolithography process: (a) contact, proximity, and projection methods, (b)

phase shifting photolithography.



FIGURE 4.3 Silver–gold micropatterns via photolithography.
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FIGURE 4.5 Fabrication procedure of microelectrode arrays: (a) superhydrophobic ODS-

modified TiO2 film, (b) TiO2 nanoparticle-based microelectrode arrays after photolithography

with a photomask, and (c) metal nanoparticle-based microelectrode arrays after site-selective

photocatalytic deposition of metal nanoparticles [5]. (Reprinted with permission from Li X,

Tian Y, Xia P, Luo Y, Rui Q. Fabrication of TiO2 and metal nanoparticle-microelectrode arrays

by photolithography and site-selective photocatalytic deposition. Anal Chem 2009;81:8249–

8255, Copyright 2009, American Chemical Society.)
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FIGURE 4.7 (a, c) Microscopic images and (b, d) AFM images of elevated gold nanoparticle-

based microarray electrodes (a, b) with 10 µm bandwidth and (c, d) with 6 µm disk radius [5].

(Reprinted with permission from Li X, Tian Y, Xia P, Luo Y, Rui Q. Fabrication of TiO2 and

metal nanoparticle-microelectrode arrays by photolithography and site-selective photocatalytic

deposition. Anal Chem 2009;81:8249–8255, Copyright 2009, American Chemical Society.)
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FIGURE 4.11 Scanning electron images of gold nanoparticles (average diameter 13.8 nm)

deposited for 60 minutes onto a silicon substrate patterned with circular dots of 500 nm in

diameter: (a) top view, (b) 45◦ tilted view, (c) atomic force microscope image, and (d) height

analysis of the image of (c) [13]. (Reprinted with permission from Kawabata S, Naono Y,

Taguchi Y, Huh SH, Nakajima A. Designable formation of metal nanoparticle array with the

deposition of negatively charged nanoparticles. Appl Surf Sci 2007;253:6690–6696, Copyright

2007, Elsevier.)



(a) (b)

FIGURE 4.12 Scanning transmission electron images of (a) nanowires created by direct

electron-beam writing in a submonolayer nanoparticle film (beam energy of 7 keV) and

(b) a nanowire at high resolution together with a scheme depicting the network of discrete

nanoparticles interconnected by a carbon matrix [15]. (Reprinted with permission from Plaza

JL, Chen Y, Jacke S, Palmer RE. Nanoparticle arrays patterned by electron-beam writing:

structure, composition, and electrical properties. Langmuir 2005;21:1556–1559, Copyright

2005, American Chemical Society.)

FIGURE 4.13 An array of silver nanoparticle trimers on glass in immersion oil. Each dot

corresponds to one individual trimer composed of silver particles with 100 nm diameter and

25 nm height. The nanoparticles have an edge-to-edge distance of 20 nm, while the lattice

constant of the array is 1 µm. The inset shows a scanning electron image of one representative

silver nanoparticle trimer [17]. (Reprinted with permission from Alegret J, Rindzevicius T,

Pakizeh T, Alaverdyan Y, Gunnarsson L, Kall M. Plasmonic properties of silver trimers with

trigonal symmetry fabricated by electron-beam lithography. J Phys Chem C 2008;112:14313–

14317, Copyright 2008, American Chemical Society.)
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FIGURE 4.17 Schematic illustration of the procedure for fabricating arrays of silver

nanoparticles (SNPs). (a) Spin-coating resists polymer onto an indium-doped SnO2 sub-

strate, (b) imprinting, (c) reactive-ion etching process, (d) electrochemical deposition of silver

nanoparticles, and (e) “lift-off” of the resist layer [24]. (Reprinted with permission from Yang

B, Lu N, Huang C, Qi D, Shi G, Xu H, Chen X, Dong B, Song W, Zhao B, Chi L. Electrochem-

ical deposition of silver nanoparticle arrays with tunable density. Langmuir 2009;25:55–58,

Copyright 2009, American Chemical Society.)
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FIGURE 4.22 Transmission electron images of ordered cobalt particles with external ap-

plied magnetic fields of (a) 0.8 T, (b) 1.5 T, and (c) 6 T. The schematic diagrams are a

guide to understanding the structure of the presented superstructure images [42] (Reproduced

with permission from Hilgendorff M, Tesche B, Giersig M. Aust J Chem 2001;54(8): 497–

510, Copyright CSRIO 2001. Published by CSRIO PUBLISHING, Collingwood, Victoria,

Australia – http://www.publish.csiro.au/nid/51/paper/CH01119.htm).
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FIGURE 4.30 (a) Transmission electron image and selected area electron diffraction pat-

tern (upper right inset) of an AB-type binary superlattice monolayer self-assembled from

16.5 nm Fe3O4 and 6.4 nm Au nanoparticles. The upper left inset shows a photograph of

a SiO2/Si wafer coated with a typical AB-type binary superlattice monolayer membrane.

(b) High-magnification transmission electron image of the AB-type binary superlattice mono-

layer. High-resolution scanning electron images of an AB-type binary superlattice mono-

layer monolayer at low (c) and high (d) magnifications, respectively. Structural models of

the AB-type binary superlattice monolayer from top (e) and side (f) views, respectively. (g)

Transmission electron image and Fourier transform (inset) of an AB-type binary superlattice

monolayer self-assembled from 16.5 nm Fe3O4 and 5.5 nm FePt nanoparticles. (h) Transmis-

sion electron image and selected area electron diffraction pattern (inset) of an AB-type binary

superlattice monolayer consisting of 28.9 nm NaFY4:Yb/Er and 13.4 nm Fe3O4 nanoparticles

[65]. (Reprinted with permission from Dong A, Ye X, Chen J, Murray CB. Two-dimensional

binary and ternary nanocrystal superlattices: the case of monolayers and bilayers. Nano Lett

2011;11:1804–1809, Copyright 2011, American Chemical Society.)
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FIGURE 4.31 Transmission electron images of Cu2S nanoparticle assemblies: (a) face-

centered cubic-packed spherical nanoparticles, (b) hexagonal close-packed spherical nanopar-

ticles, (c) two layers of close-packed elongated nanoparticles, and (d) multilayers of elongated

nanoparticles. The top insets are the corresponding Fourier transform patterns, and the

bottom insets are the schemes of the stacking of nanoparticles [66]. (Reprinted with

permission from Zhuang Z, Peng Q, Zhang B, Li Y. Controllable synthesis of Cu2S nanocrys-

tals and their assembly into a superlattice. J Am Chem Soc 2008;130:10482–10483, Copyright

2008, American Chemical Society.)
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FIGURE 4.41 Scanning electron images of (a) PbS nanostars and (b−e) their three-

dimensional hexagonal close-packed assemblies obtained by drop coating. (f) Schematic il-

lustration of the three-dimensional hexagonal close-packed structures of six-horn stars. Inset

in (a) is a transmission electron image of PbS nanostars, and the inset in (c) is the correspond-

ing Fourier transform [106]. (Reprinted with permission from Huang T, Zhao Q, Xiao J, Qi

L. Controllable self-assembly of PbS nanostars into ordered structures: close-packed arrays

and patterned arrays. ACS Nano 2010;4:4707–4716, Copyright 2010, American Chemical

Society.)



FIGURE 5.3 Cu/α-Al2O3 bulk sample under three levels of explosion pressure [34].

(Reprinted with permission from Zhao Z, Li X-J, Tao G. Manufacturing nano-alumina particle-

reinforced copper alloy by explosive compaction. J Alloys Compd 2009;478:237–239, Copy-

right 2009, Elsevier.)

FIGURE 5.10 Different mechanisms of nanoparticle interaction and stabilization: (a) elec-

trostatic stabilization, (b) steric stabilization, and (c) electrosteric stabilization.

FIGURE 5.11 Uniaxial pressure casting setup illustration.
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FIGURE 5.13 (a) Sketch of the tape casting process in which nanoparticles assemble at

the liquid–air interface. (b) Ttransmission electron image of FexO/CoFe2O4 nanoparticles

of 11 nm size. (c) Optical microscope image of the nanoparticle film exhibiting separate

islands only at the border of the substrate. The inset shows the size distribution of the 11 nm

FexO/CoFe2O4 nanoparticles used. (d) Background flattened scanning electron image of the

11 nm FexO/CoFe2O4 nanoparticles deposited by doctor blade casting on a Pt-covered silicon

substrate. The labeled arrows indicate point defects in the nanoparticle superlattice [91].

(Reprinted with permission from Bodnarchuk M, Kovalenko MV, Pichler S, Fritz-Popovski

G, Hesser G, Heiss W. Large-area ordered superlattices from magnetic wustite/cobalt ferrite

core/shell nanocrystals by doctor blade casting. ACS Nano 2010;4:423–431, Copyright 2010,

American Chemical Society.)
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FIGURE 5.14 Illustration of the freeze casting process [99]. (Reprinted with permission

from Li W, Lu K, Walz JY. Freeze casting of porous materials–a review of critical factors

in microstructure evolution. Int Mater Rev 2012;57:37–60, www.maney.co.uk/journals/imr,

Maney Publishing.)

FIGURE 5.21 A schematic representation of the robocasting process. A suspension is

extruded through a thin nozzle to build a part layer-by-layer following a computer design

[161]. (Reprinted with permission from Munch E, Franco J, Deville S, Hunger P, Saiz E,

Tomsia AP. Porous ceramic scaffolds with complex architectures. JOM 2008;60:54–58,

Springer Science + Business Media, Fig. 1.)
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FIGURE 5.24 Images of assembled structures on different scales: (a) a four-layer scaffold

piled by perpendicular rods with 500 µm diameter and 2 mm interrod distance in a 20 mm ×

20 mm square, (b) bending of the formed structure, (c) agglomeration of nanoparticles at the

rod’s surface, and (d) magnified image of the nanoparticle-doped ink [166]. (Reprinted with

permission from Cai K, Sun J, Li Q, Wang R, Li B, Zhou J. Direct-writing construction of lay-

ered meshes from nanoparticle-vaseline composite inks: rheological properties and structures.

Appl Phys A 2011;102:501–507, Fig. 6.)

FIGURE 5.25 Schematic representation of the stereolithography process.
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FIGURE 5.27 (a) Conductive patterns ink-jet printed on polyimide substrates using copper

nanoparticles and (b) confocal images of a single ink droplet after drying and a single printed

line [173]. (Reprinted with permission from Jeong S, Woo K, Kim D, Lim S, Kim JS, Shin H,

Xia Y, Moon J. Controlling the thickness of the surface oxide layer on Cu nanoparticles for the

fabrication of conductive structures by ink-jet printing. Adv Funct Mater 2008;18:679–686,

John Wiley & Sons.)

FIGURE 7.4 (left) Nanorods in the bilayer cluster with a hexagonal symmetry formed on

the substrate. The nanorod dipoles are vertically oriented in the antiferroelectric order, which

provides the lowest possible energy. (right) Nanorods in a bilayer cluster with a hexagonal

symmetry that are formed perpendicularly to the substrate in the presence of the electric

field. The nanorod dipoles are oriented in the ferroelectric order antiparallel to the field [7].

(Reprinted with permission from Titov AV, Kral P. Modeling the self-assembly of colloidal

nanorod superlattices. Nano Lett 2008;8:3605–3612, Copyright 2008, American Chemical

Society.)



CHAPTER 1

INTRODUCTION

1.1 OVERVIEW

Nanoscale science and technology have become an indispensable part of techno-
logical advancement in modern day society. Many books have been written on
the subject [1–3]. Nanomaterial understanding, advancement, and development
are an important part of this active area, since nanomaterials are the fundamental
building blocks of nanoscale devices, modules, and instruments. Historically,
materials development has been the cornerstone of human civilization and nano-
materials are no exceptions. It is reasonable to say that nanomaterials are the
cornerstone of nanoscale science and engineering. Because of this importance,
extensive research on nanomaterials is ongoing all over the globe and a few books
have emerged on this topic [4–6]. However, most of these books are introductory
in nature and cover a wide spectrum of nanomaterial topics. There is a lack of
specific books that focus on nanomaterial fundamental understanding, research,
and development even though this is much needed.

Nanomaterial research is multidisciplinary in nature and spans physics, chem-
istry, biology, and engineering. In this vast field, a long studied and still evolving
topic is nanoparticle-based materials (shown in Fig. 1.1). Even though nanopar-
ticle synthesis is one of the earliest and most mature fields in the nanotech-
nology area, there is a lack of methodic discussion of nanoparticle synthesis,
nanostructure construction, and processing of nanoparticle-based bulk materials.
Thousands of research papers have been written on nanoparticle-related tech-
nical issues. Nanoparticle synthesis, characterization, assembly, and processing

Nanoparticulate Materials: Synthesis, Characterization, and Processing, First Edition. Kathy Lu.
© 2013 John Wiley & Sons, Inc. Published 2013 by John Wiley & Sons, Inc.
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FIGURE 1.1 Relationships of the involving nanofields.

have greatly advanced. Many industries are actively engaged in the research and
development of nanoparticle-based materials and products. However, there is no
dedicated book on this important and exciting, yet challenging, topic. In light of
this, it is highly desired to examine this specific subject in a comprehensive man-
ner and provide a systematic treatment of this field to the people who are either
active in the field or are interested in understanding more about the field. A more
advanced and nanoparticle-focused book that moves beyond the introduction
stage is in great demand and this book aims to serve this purpose.

1.2 NANOPARTICLE-BASED MATERIALS

Dimension-wise, atoms and molecules are in the range of angstroms to nanome-
ters; bulk materials are in the hundreds of microns and greater. In between these
two ranges exist a special group of materials that can be grouped as particles,
which can be further divided into micron to submicron particles and nanopar-
ticles. For the micron to submicron level particles, extensive studies have been
conducted; many excellent books have been written related to the synthesis,
processing, and application of micron-sized particles [7, 8]. Because of this, the
treatment of this topic is omitted in this book. Nanoparticle-based materials,
on the other hand, involve making, evaluating, and processing entities that are up
to three orders of magnitude smaller than micron-sized particles. This group of
materials often exhibits exciting properties, and the corresponding length scale
bridges the gap between individual atoms/molecules and bulk components; thus,
they are the focus of this book.

To understand nanoparticle-based materials, it is conducive to first provide a
proper definition of a nanoparticle itself. A nanoparticle can be defined as any
microscopic particle <100 nanometers (nm) in size and behaves as a whole unit
in terms of its transport, functional, and structural properties and its interaction
with other species and its environment. The term “nanoparticle” might be new,
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but nanoparticles themselves had been in existence long before the word was
coined. For example, medieval church windows had gold and silver nanoparti-
cles dispersed in a glass matrix to produce different beautiful colors while also
purifying the air. The color production was accomplished by the size-dependent
absorption of visible light by the metal nanoparticles. In addition, when the metal
nanoparticles were energized by the sun, they were able to destroy airborne pol-
lutants, like volatile organic chemicals, which may often come from the paint in
the building.

Since an atom generally has ∼1 Å size, a cluster of 1 nm radius would consist
of ∼25 atoms and most of the atoms would be on the surface. Compared to some
large molecules with hundreds or thousands of atoms, such as many polymer
molecules, a nanoparticle might be much smaller. The nanosize by itself does not
warrant unique nanomaterial behaviors or exciting properties. What makes
nanoparticles such an interesting and unique material category is that their size is
smaller than the critical dimensions that characterize many physical phenomena,
such as thermal diffusion length, light wavelength, and electron mean free path.
When a dimension is less than these critical lengths, new physics or chemistry
is likely to occur, such as catalytic properties or quantum effects. The intent of
this book is to provide a treatment of nanoparticle-based synthesis, characteriza-
tion, and processing issues that have the potential to offer improved or unique
performance traits. Diminishing in size alone does not warrant special treatment
of the topic.

Nanoparticle-based systems, structures, and materials are particulate collec-
tions with either one dimension of the individual entity or the basic constituent
size at <100 nm. In this broad sense, nanoparticle-based materials can come
in many different forms, such as loose dry powders, nanoparticle suspensions,
engineered nanoparticle architectures, or sintered nanograin-based bulk compo-
nents. From a different perspective, nanoparticle materials can be metals, oxides,
semiconductors, or polymers. For this book, polymer-based nanomaterials will
not be discussed extensively since many of the corresponding processing issues
are very different from those of metals, oxides, and semiconductors and deserve
a separate treatment. Metals, oxides, and semiconductors, on the other hand,
share many similarities in synthesis, assembly, and bulk processing and will be
covered in this book. With this understanding, the nanoparticle-based materials
to be discussed can be composed of one species or multiple species. When mul-
tiple species are involved, the resulting materials are called nanoparticle-based
composites. Figure 1.2 shows species, scales, and formats of nanoparticle-based
materials.

1.3 UNIQUE CHARACTERISTICS

The unique length range of nanoparticle-based materials bridging atomic to mi-
cron dimensions is reflected in many of their characteristics. This includes surface
behaviors, vapor pressure, solubility, and size-dependent characteristics.
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FIGURE 1.2 Illustration of species, scales, and formats of nanoparticle-based materials.
(For a color version of this figure, see the color plate section.)

1.3.1 Surface Behaviors

One of the most distinct characteristics of nanoparticle-based materials is the large
surface/interface energy available for consumption. Figure 1.3 shows that specific
surface area and surface species content increase with particle size decrease. For
example, for a gram of TiO2 particles, the specific surface area increases from
1.41 m2 g−1 to 281.69 m2 g−1 and the percent of surface species increases from
0.18 vol% to 36 vol% when the particle size decreases from 100 µm to 5 nm.
Along with the very large specific surface area, nanoparticle-based materials
exhibit extremely high surface activity. This explains why nanoparticles are excel-
lent candidates for antibacterial agents, sensors, and catalysts. However, nanopar-
ticles can also undesirably adsorb or react with species in the environment. If
nothing else, nanoparticles have a high tendency for agglomeration at a dry state.
For liquid-based processes, nanoparticle flocculation is common. Nanoparticle
dispersion presents great challenges because of agglomeration or hydrodynamic
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FIGURE 1.3 Specific surface area change (a) and volume percent change of surface species
(b) with particle size for 1 g of TiO2 particles.

size (a hypothetical hard sphere that diffuses with the same speed as the particle
under examination, apparent size of the dynamic hydrated/solvated particle) of
particles, especially when high solids loading is desired. For nanoparticle-based
synthetic structures, such as those created by patterning or assembly, nanoparti-
cles may not remain stable for the designed life cycle; the carefully constructed
patterns and arrangements may be destroyed easily by the high surface energy or
minor external perturbation. During nanoparticle-based bulk material forming,
agglomeration-induced inhomogeneous microstructures are undesirable but hard
to control. During sintering, the high surface energy of the nanoparticles has
the potential to enable the material to be sintered at relatively low temperatures.
However, extensive coarsening is also more likely to occur. If any agglomerates
are present or created during shaping, sintering defects can easily result.

1.3.2 Vapor Pressure and Solubility

The second unique characteristic of nanoparticle materials is high vapor pressure
and increased solubility. This is especially the case when individual nanoparticles
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are considered. The fundamental cause is the increased fraction of the species
residing on the particle surface (Fig. 1.3b). Since surface atoms are only partially
bonded to the interior of particles, they behave more freely and can separate
from the particles under certain circumstances; the nanoparticle surface atomic
structure is more amorphous compared to the crystalline core. In addition, small
particles by nature have a higher surface vapor pressure based on the Kelvin
equation:

ln
P

P0
=

2γ�

kTrS−V
, (1.1)

where P0 is the equilibrium pressure on a flat surface, P is the vapor pressure
at a specific given condition, γ S–V is the solid–vapor interfacial energy, � is the
atomic volume of the species, k is Boltzmann constant, T is absolute temperature,
and r is particle radius. Nanoparticles have smaller radius r compared to micron-
sized particles and thus higher surface vapor pressure P at the same condition.
When a sufficient amount of energy is available, nanoparticle species are more
likely to vaporize.

The increased solubility of nanoparticles comes primarily from the more active
surface species. The less bonded surface atoms are more likely to interact with or
dissolve into the surroundings. In addition, the solubility of the particles increases
with the particle size decrease based on [9]

ρ
RT

Mw
ln

Sd

S∞
=

2

3
β

γS−L

r
, (1.2)

where ρ is the density of the solid particle, R is gas constant, Mw is the molecular
weight of the solid, Sd is the solubility for a given particle of radius r, S∞ is
the solubility when the particle size is so large that the particle surface can be
considered flat, β is a geometric factor that depends on the shape of the particle
(for a spherical particle, the value is 3) and, γ S–L is the solid–liquid interfacial
energy. Smaller nanoparticles mean higher solubility. Even though there is some
debate about the applicability of Equations (1.1)–(1.2) to solid–liquid interfaces
in consideration of the net negative interfacial tension between the solid and
the solution, it has been widely used to understand the particle size effect on
solubility and the results are generally consistent.

1.3.3 Size-Dependent Characteristics

Size-dependent characteristics manifest themselves when the size of an individ-
ual particle is sufficiently small. These include nanoparticle electronic structure,
chemical reactivity, and self-assembly. For an atom on a nanoparticle surface, the
coordination with the neighbors is imperfect and many bonds are not fulfilled.
The remaining bonds of the less-coordinated surface atoms have the tendency to
relax spontaneously. The electronic structure of a nanoparticle critically depends
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on its size. The electronic energy levels are not continuous as in bulk materi-
als, but discrete due to the confinement of the electron wave function. For an
individual silver nanoparticle of 3 nm diameter, which contains ∼1000 silver
atoms, the energy gap between different energy levels is 5 ± 10 meV. Since
the thermal energy at room temperature, kT, is ∼25 meV, the particle would
be metallic. At low temperatures, however, the energy gap may become compa-
rable to kT, rendering the Ag nanoparticle nonmetallic. Because of the presence
of the band gap in individual nanoparticles, properties such as electrical conduc-
tivity and magnetic susceptibility exhibit quantum size effects. The electronic
absorption spectrum of metal nanoparticles in the visible region is dominated by
the plasmon band. In colloids, surface plasmon excitations impart characteristic
colors to the metal nanoparticles, the beautiful wine-red color of gold sols being
well known.

The increased chemical activity of nanoparticles can be understood as follows.
The surface area of nanoparticles increases markedly with their decrease in size.
A small metal nanoparticle of 1 nm diameter would have 100% of its atoms on
the surface; a nanoparticle of 10 nm diameter, on the other hand, would have only
15% of its atoms on the surface. Thus, a small nanoparticle with a high surface
area would be expected to be more reactive. Furthermore, the electronic structure
change arising due to the quantum confinement will also bestow unusual catalytic
properties on these particles, completely different from those of the bulk.

Just as individual atoms aggregate to form crystals, nanoparticles themselves
can act as building units to form particle superlattices when the sizes are properly
controlled. For example, monodispersed nanoparticles suitably covered by lig-
ands such as alkane thiols, when transferred to a flat substrate, can spontaneously
assemble into two-dimensional superstructures [10].

1.4 PROPERTIES

Since this book is focused on nanoparticle synthesis, characterization, assem-
bly, and processing, the improved or novel properties accompanying these new
materials are not separately addressed in the following chapters. Instead, related
material properties are included in the broad theme of processing and discussed
when appropriate. In brief, they can be categorized as follows.

1.4.1 Chemical

Along with semiconductor nanoparticles, metal and metal oxide particles in the
quantum size regime have drawn much interest because of their unique chemi-
cal properties for various potential applications such as nanoscale optoelectronic
devices, chemical sensors, displays, photovoltaics, and nanobiosensors. As ex-
plained, when individual nanoparticles are considered or a multitude of nanoparti-
cles are in a dispersed state, they possess high specific surface areas. This enables
nanoparticle materials to exhibit high chemical activity. For gold nanoparticles
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smaller than ∼6 nm in diameter, a new oxygen species forms in gold nanopar-
ticles, which is absent in larger particles and bulk gold crystals. This oxygen
species is attributed to the subsurface oxygen, which has been suggested to play
an important role in heterogeneous catalysis. With decreasing gold particle size,
an increase in the number of under-coordinated atoms is also evidenced by a re-
duced splitting between 5d3/2 and 5d5/2 states and a band narrowing [11]. SnO2

nanoparticles exhibit better sensitivity compared with bulk SnO2 material, an
n-type material used in humidity sensing [12]. A model for size-dependent melt-
ing temperature, Debye temperature, diffusion activation energy, and vacancy
formation energy, has been proposed. It is found that the above properties have
the same size dependency that is contributed by the essential effects of surface/
volume atom ratio. Vacancy formation determined by the cohesive energy is the
intrinsic factor that dominates the size-dependent chemical properties [13]. The
catalytic activity of the samples with different gold nanoparticle loading, mea-
sured in the temperature range of 140–350◦C, is presented in Figure 1.4 [14].
As can be seen, the sample with the highest gold loading (5Au/CeO2) exhibits
the highest CO conversion. The activity of the 3Au/CeO2 sample is slightly
less than that of 5Au/CeO2. The activity of pure CeO2 becomes significant only
at temperatures above 300◦C.
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FIGURE 1.4 Effect of gold nanoparticle loading on the CO conversion: (1) 1Au/CeO2,
(2) 3Au/CeO2, and (3) 5Au/CeO2 [14]. (Reprinted with permission from Andreeva D, Idakiev
V, Tabakova T, Ilieva L, Falaras P, Bourlinos A, Travlos A. Low-temperature water-gas shift
reaction over Au/CeO2 catalysts. Catal Today 2002;72:51–57, Copyright 2002, Elsevier.)
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1.4.2 Mechanical

Regarding different property improvements in nanostructured materials, mechan-
ical properties are among the first ones that have motivated extensive research.
For example, the grain size (G) effect on yield strength σ y improvement has been
described by the well-known Hall–Petch equation:

σy = σ0 +
kσ√

G
, (1.3)

where σ 0 is a materials constant representing the starting stress for dislocation
movement, kσ is a constant. With the grain size G decrease, the yield strength σ y

increases remarkably, although it may be lower than the predicted value.
Since the interaction between dislocations and grain boundaries (the pile-up

of dislocations and suppression of dislocation movement at the grain boundaries)
is believed to be the main source for yield strength improvement, the Hall–
Petch equation is mainly applicable to nanostructured metal materials, which
have a substantial amount of dislocations. However, it has also been used to
explain the strength improvement in nanostructured ceramic materials and the
results fit the explanation. On the other hand, it is believed that the Hall–Petch
equation does not always hold. Grain sliding may become dominant when the
grain size decreases to <5 nm; the yield strength may decrease with further grain
size decrease. So far, there has not been extensive studies or confirmation of
such a trend; most of the studies focus on nanostructured materials with grain
size >5 nm.

For nanostructured ceramic materials, an exciting property change is going
from being brittle to being ductile at elevated temperatures. This is termed super-
plasticity and mainly attributed to the increased creep rate at elevated temperatures
due to grain sliding. CaF2, TiO2 [15], ZnO [16], ZrO2 [17], and Si3N4 [18] have
all been reported to exhibit superplasticity when the grain size is a couple of tens
of nanometers or less. It also suggests that the yield strength decrease for very
fine structured ceramics is related to superplasticity.

In addition to these fundamental material property changes, size effect alone
can dramatically alter (mostly improve) the mechanical properties of composites.
Submicron aluminum matrix embedded with Al2O3 nanoparticles is dispersed
into a magnesium matrix. Compared with monolithic pure magnesium, the hierar-
chical composites exhibit significant and simultaneous enhancement of strength-
ening, hardening, and failure strain. The composition with 0.97 vol% aluminum
and 0.66 vol% Al2O3 (Mg/0.97 Al–0.66 Al2O3) exhibits the best overall me-
chanical properties compared to monolithic magnesium, with an improvement of
96% in the 0.2% yield strength, 80% in the ultimate tensile strength, 42% in the
failure strain, and 147% in the work of fracture [19]. ZrO2 nanoparticle addition
into a ceramic matrix also improves mechanical properties. The flexural strength
and fracture toughness of Al2O3–TiC–10 wt% ZrO2 composite are ∼20% higher
than those of Al2O3–TiC composite. This is mainly because the addition of ZrO2
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nanoparticles reduces the grain size of the matrix and improves the distribution
of different phases [20].

1.4.3 Electrical

The effects of refined microstructures on electrical conductivity of nanoparticles
and nanoparticle-based materials are complex, since conductivity may originate
from distinctly different mechanisms. Electrical conduction in metals can be
hindered by various electron scatterings, and the total resistivity of a metal is a
combination of the contribution of individual and independent scattering, which
includes thermal scattering, defect scattering, and surface scattering (including
grain boundary scattering). Thermal scattering originates from electron colli-
sions with vibrating atoms (phonons) displaced from their equilibrium lattice
positions. Defect scattering can be divided into impurity scattering, lattice defect
scattering, and grain boundary scattering. Increased perfection of nanoparticles
and nanoparticle-based materials, such as reduced impurities, structural defects,
and dislocations, would increase the electrical conductivity. However, the defect
scattering makes a minor contribution to the total electrical resistivity at room
temperature, and thus the reduction of defects has very small influence on the
electrical resistivity, mostly unnoticeable experimentally. Surface scattering, on
the other hand, plays a very important role in determining the total electrical re-
sistivity of nanostructured materials. With decreased nanoparticle or grain sizes,
the electrical conductivity decreases.

Another nanoscale-related electrical property is that the band gap in the elec-
tronic structure increases with decreasing species size. A metallic material can
change from being conductive to being semiconducting, while a semiconductor
can become insulating. Electrical transport properties of single-crystal bismuth
nanowire arrays with different wire diameters (60–110 nm) embedded in a dielec-
tric matrix have been measured over a wide range of temperatures (2.0–300 K)
and magnetic fields (0–5.4 T). At low temperatures, wire boundary scattering
is the dominant scattering process for carriers in the single-crystal bismuth
nanowires, and the electrical resistance increases with the wire diameter [21].
In addition, silicon single-crystal nanowires with atomic straightness, a diameter
ranging 14–35 nm, and a length of 1–10 mm, are insulators [22].

In addition to the intrinsic electric conductivity change with decrease in the
size of the constituting species, the electrical properties of nanomaterials can
be simply modified by using combinations of different species. Aluminum has
been doped into ZnO nanoparticles by chemical vapor synthesis. Undoped ZnO
and Al-doped ZnO (up to 7 mol% Al) nanoparticles exhibit ohmic conduction
behavior in a hydrogen environment. In synthetic air, semiconductor transport
behavior is observed for Al-doped ZnO and the optimum doping concentration is
in the range of 7–8% [23]. SrZrxCuxFe12−2xO19 (where x = 0.0–0.8) hexaferrite
nanoparticles are synthesized by chemical coprecipitation method. The particle
size is in the range of 26–80 nm. Curie temperature (TC) decreases with an
increase in Zr–Cu. A significant increase in the room temperature resistivity
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FIGURE 1.5 Variation in electrical resistivity with temperature for different
SrZrxCuxFe12−2xO19 (x = 0.0–0.8) hexaferrite samples [24]. (Reprinted with permission from
Iqbal MJ, Ashiq MN. Physical and electrical properties of Zr–Cu substituted strontium hexa-
ferrite nanoparticles synthesized by coprecipitation method. Chem Eng J 2008;136:383–389,
Copyright 2008, Elsevier.)

is noted with the addition of Zr–Cu up to x ≤ 0.4. The temperature depen-
dence of electrical resistivity (under direct current) is shown in Figure 1.5. The
semiconductor–metal transition temperature (the resistivity peak temperature in
Fig. 1.5) increases with the addition of dopant up to x ≤ 0.4. Furthermore,
the peak height of resistivity increases with ZrxCux contents up to x ≤ 0.4 but
sharply decreases for x > 0.4. The initial resistivity increase with the temperature
is indicative of the metallic behavior, and the following decrease in resistivity
represents the semiconducting behavior [24].

1.4.4 Magnetic

The magnetic behavior of nanoparticles is of great interest from both fundamen-
tal understanding and technological application points of view. As the particle
size decreases, finite-size and surface effects dominate the magnetic properties
of nanoparticles; the magnetic behavior may strongly differ from that of conven-
tional bulk materials. In particular, the magnetic properties of antiferromagnetic
nanoparticles have received great attention because of their potential (due to the
small intrinsic magnetic moment) for investigating surface effects and magneti-
zation reversal by quantum tunneling [25]. The interaction between iron oxide
(Fe2O3) nanoparticles and their sizes play a critical role in controlling their mag-
netic properties [26]. Anomalous magnetic properties, such as hysteresis, are
observed in antiferromagnetic CoO nanoparticles from 10 to 80 nm (Fig. 1.6),
compared to the correspondingly coarser grain materials. The coercive force in-
creases as the particle size is reduced, but decreases when the size is <20 nm. The
magnetization also increases below 100 K for the nanoparticles [27]. Palladium
nanoparticles (2 nm in diameter) containing magnetic iron atoms are prepared and
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FIGURE 1.6 Temperature dependence of magnetization curves of coarse CoO powder and
CoO nanoparticles with sizes of 18 and 80 nm from 1.9 to 350 K in a magnetic field of
10 kOe [27]. (Reprinted with permission from Zhang L, Xue D, Gao C. Temperature depen-
dence of magnetization curves of coarse CoO powder and CoO nanoparticles with size of 18 and
80 nm from 1.9 to 350 K in magnetic field of 10 kOe. J Magn Magn Mater 2003;267:111–114,
Copyright 2003, Elsevier.)

their magnetic properties are investigated. The magnetic moment of the particles
is enhanced in the low iron concentration region and takes a maximum value of
7.6 µB per iron atom at the concentration in which each palladium nanoparticle
contains one Fe atom on average. This large magnetic moment is explained in
terms of the spin polarization on palladium atoms caused by the exchange en-
hancement mechanism. The magnetization curve shows that these Fe–Pd alloy
nanoparticles exhibit superparamagnetic behavior, although no blocking behav-
ior in the temperature dependence of the magnetic susceptibility is observed due
to the small magnetic anisotropy of iron [28].

1.4.5 Optical

As particle size decreases to nanoscale, exciting optical properties may emerge.
For example, gold particles of 5 nm size, which contain on the order of 105 atoms,
absorb light strongly at 520 nm, whereas bulk gold is reflective at this wavelength.
The intense light absorption and scattering that these particles exhibit are a result
of plasmon excitation, a collective excitation of the conduction electrons. The
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excitation wavelength depends on the shape and size of the nanoparticles. The
larger the particles, the more important the higher-order modes are as light can no
longer polarize the nanoparticles homogeneously. Therefore, the plasmon band
blue shifts with decreasing particle size. At the same time, the plasmon bandwidth
decreases with decreasing particle size. In many applications, the nanoparticle
shape and size can be varied to optimize sensitivity and enhance the surface
plasmon effect.

Semiconductor nanoparticles (quantum dots) exhibit unique optical properties
because their electronic characteristics are closely related to the size and shape of
individual particles. Small size quantum dots require more energy for excitation.
Concurrently, more energy is released when excited small quantum dots return
to their resting states. For example, higher frequencies of lights are emitted after
the excitation of smaller quantum dots, resulting in a color shift from red to blue
in the lights emitted.

For nanostructured ceramic materials, a prime application example relying on
optical properties is transparent armor, which is optically transparent yet resistant
to fragmentation and ballistic impacts. This class of materials can be used as
protective visors, including riot control or explosive ordinance disposal actions,
as well as vehicle protection from terrorist actions or other hostile conflicts.
One example material is nanostructured spinel. If the particles are brought to a
state of improved deagglomeration followed by a shaping procedure that ensures
a high degree of homogeneity in the green bodies, spinel particle (∼53 nm)
samples (with specific surface area ∼30 m2 g–1) can be sintered to transparency
(as windows) at hot isostatic pressing temperatures <1300◦C without any doping
additives [29].

1.4.6 Biological

Nanoparticles have many biological applications. The therapeutic use of gold can
be traced back to the Chinese in 2500 BC. Red colloidal gold is still in use today
in India in the form of Ayurvedic medicine for rejuvenation and revitalization
under the name of Swarna Bhasma (“Swarna” meaning gold, “Bhasma” meaning
ash) [30, 31]. Silver is widely used in wound dressing. Acticoat-7 is a dressing
marketed by Smith and Newphew in United Kingdom. This dressing consists of
polyethyelene mesh coated with silver nanoparticles. A large amount of silver
nanoparticles is provided to the wound initially, followed by a sustained release.
Actisorb Silver 220 is another dressing containing silver nanoparticles marketed
by Johnson & Johnson, New Brunswick, NJ, USA. In this formulation, silver
nanoparticles are bound to charcoal dressing. Actisorb functions by adsorbing
bacteria to the charcoal dressing where they are killed by the silver nanoparticles.
Aquacel-Ag hydrofiber, marketed by Convatec, Skillman, NJ, USA, is a car-
boxymethylcellulose dressing impregnated with silver nanoparticles. It functions
by slowly releasing silver ions upon hydration. Platinum nanoparticles are used
in combination with multiwalled carbon nanotubes for fabricating sensitivity-
enhanced electrochemical DNA biosensors, where carbon nanotubes promote
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electron transfer reactions, and platinum nanoparticles provide high catalytic
activities for chemical reactions. The sensitivity of the electrochemical DNA
biosensors is remarkably improved [32].

1.5 KEY SCIENTIFIC AND TECHNICAL CHALLENGES

1.5.1 Synthesis

For nanoparticle synthesis, an amazing array of nanoparticles has been made
in the lab. Even different nanoparticle morphologies of the same compositions
have been achieved by controlling synthesis conditions. The challenge lies in
producing nanoparticles consistently in large quantities such as kilograms or tons.
Inhomogeneity in temperature, solution pH, or mixing of reactants in the synthesis
system often contributes to the variation in particles (either in size, shape, or
composition). However, synthesis at the level of grams or even hundreds of
grams can barely sustain any realistic applications. This issue is even more acute
for unique nanoparticle structures such as core/shell or functionalized particles.

1.5.2 Characterization

For the characterization of nanoparticles and nanoparticle-based materials, so-
phisticated equipment is available in different research centers or labs. The chal-
lenges in these settings are the long process time and the very small amount
of materials involved. The statistical significance of these analyses needs to be
carefully scrutinized. In the production setting, the slow speeds of measurement
and data acquisition often mean compromised product quality and inadequate
traceability of the problems to the root cause. There is a serious lack of instru-
ments that provide real-time data from the nanoscale about nanoparticle synthesis,
assembly, and processing and a lack of instrumentation for mapping chemical
compositions and understanding the interfacial regions of nanoparticles. Among
the above lacking areas, characterization and understanding of nanoparticles or
nanoparticle-based material surfaces are relatively easy to address because they
are accessible. The more challenging issue is analysis and description of interfa-
cial structures and interactions, especially for the buried interfaces/interphases at
the nanoscale. Often times, these interfaces at the nanoscale are dynamic or un-
stable and cannot be dissected or transferred to the sophisticated characterization
facilities for evaluation. Nondestructive characterization techniques are highly
needed but are lacking.

1.5.3 Superstructure Assembly

The interfacial interactions and the mechanisms involved also directly impact the
ability to assemble and pattern nanoparticles. Since nanoparticle assembly and
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patterning involve minute forces (van der Waals, electrostatic, hydrogen bond-
ing, covalent) between nanoparticles, it is challenging to measure these forces,
let alone controlling them. Current techniques are often insufficient in measuring
these small forces, especially when the nanoparticle interaction involves liquid–
vapor interfaces or liquid medium. Manipulation of nanoparticle arrangement is
a science as well as an art. The technical precision is daunting and the process is
tedious. However, this level of particle manipulation has the potential to revolu-
tionize the way materials are made, and the range and nature of functionalities to
which nanomaterials may be tailored, and should be vigorously pursued.

1.5.4 Bulk Processing

For forming and sintering, the most challenging issue is how to controllably and
consistently create homogeneous or heterogeneous microstructures and maintain
the nanoscale constituent size at each step while achieving the functionality
and/or robustness of the designed products. Low-density particle packing or
heterogeneous microstructure may be desired for the shaping process in contrast
to the conventional forming process, which focuses on obtaining homogenous
and dense microstructures. For the sintering process, obtaining stable but highly
porous nanostructures, or fully densifying the sintered body while maintaining
the sintered grains at <100 nm size, can be difficult to achieve.

1.5.5 Large-Scale Production

From a large-scale production point of view, the challenge for nanoparticle-based
materials is how to incorporate nanoparticles into useful products. The most
important questions are quality control, efficiency of the manufacturing process,
and production cost. The encouraging news is that the new or improved properties
accompanying nanomaterials often provide solutions to problems that cannot be
solved with conventional materials. As a result, the incentive for developing
nanoparticle-based materials is still strong and active research is still ongoing in
this challenging but exciting field.

1.5.6 Modeling and Simulation

Computer modeling and simulation can save time and reduce cost in nanoparticle-
based material advancement when properly used. However, the sophistication of
modeling and simulation packages leaves much to be desired, especially when a
large number of nanoparticles are involved and their arrangement and interaction
are complex. There is a lack of tools to bridge time and length scales, a defi-
ciency of fast methods for calculating a large number of nanoparticles to predict
structures and properties of nanomaterials, and a lack of methods to integrate and
analyze large datasets.
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1.6 APPLICATIONS

Nanoparticles and nanoparticle-based materials have important applications in
energy, electronics, photonics, magnetics, biomedical engineering, catalysis,
transportation, health care, communications, and medicine. The related industries
range from aerospace, automotive, chemical, pharmaceutical, food processing, to
semiconductors. Nanoparticles can be used as they are, dispersed in a liquid, pat-
terned into superstructures, or processed into bulk components with specifically
desired properties. Current products include metals, oxides, and semiconductors,
which are used as catalysts, pigments for paints, UV protectants for sunscreens,
and coating materials for cutting tools. Additional products include filters, sor-
bents, membranes, and ion conductors.

Nanoparticles can be used as they are on a discrete basis. For example, palla-
dium nanoparticles provide a high surface to volume ratio compared to macroscale
palladium thin films used for hydrogen sensing. The increased percentage of ac-
tive surface atoms detects molecular events more effectively and maximizes
sensor signals. Socks can be impregnated with silver nanoparticles. The unique
antimicrobial properties of silver nanoparticles have already been commercial-
ized in wound dressings to prevent infection and speed healing. Fresh-smelling
socks are a natural extension. They might seem rather mundane by comparison,
but enduring freshness is a real benefit valued by consumers with significant mar-
ket potentials. Antibacterial socks, offered by retailers including AgActive and
Sharper Image, are being used by the military, which is always looking for ways
to reduce the number of items soldiers need to pack. Hunters who want to mask
their human scent also use them. Germany’s Jack Wolfskin offers a jacket com-
bining the antibacterial properties of silver nanoparticles with a waterproofing
membrane. In home products like bedding, AgActive offers silver-impregnated,
odor-resistant cotton sheets. Figure 1.7 shows some examples of consumer prod-
ucts that can use nanoparticles as antibacterial agents. ZnO nanoparticles are
used in coatings to reduce UV exposure. Iron nanoparticles are emerging remedi-
ation to degrade recalcitrant chemicals by reductive processes to treat groundwa-
ter pollutants including trichloroethene, dichloroethene, and chloroform, just to
name a few.

Most pollution from U.S. automobiles is emitted in the first 5 minutes after
start-up. This is because Pt- or Pd-based catalysts currently used in automobile
exhaust cleanup are inactive below about 200◦C. Heterogeneous Au-based cat-
alysts present a potential solution to this cold start-up problem. Their surfaces
can be made with highly specific structural and chemical properties that vary
on the nanometer scale, primarily with respect to particle size, particle structure,
support, and promoters [33]. Gold nanoparticles dispersed across the surfaces
of certain oxides are amazingly active and selective as catalysts for a variety of
important reactions. There is intense interest in these catalysts for CO oxidation
because they are active at room temperature. However, it should be pointed out
that the low-temperature gold catalysts are totally inactive unless the particles
are smaller than ∼8 nm. Although gold nanoparticles have been perhaps the
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FIGURE 1.7 Examples of consumer products that can use nanoparticles as antibacterial
agents. (For a color version of this figure, see the color plate section.)

most widely studied catalyst system, the structure of the active sites remains
elusive [34].

Nanofluids are stable suspensions of nanoparticles (metals, oxides, carbides,
nitrides, or nanotubes) in a liquid (usually water or oil). In order to avoid
coagulation, the particles must be coated with a surfactant/dispersant. The
surfactant/dispersant should overcome the tendency of nanoparticles to form van
der Waals force bonded clusters. The Brownian motion (random movement of
particles suspended in a fluid) should be high enough to avoid the settlement of
the nanoparticles. Typically, nanofluids contain up to 10 vol% nanoparticles and
>10 vol% surfactant. Nanofluids have high heat capacity, good thermal conduc-
tivity, and high heat transfer coefficients compared to the base fluid. They can be
used in engines, heat-treating operations, rubber manufacturing, etc. Figure 1.8
shows examples of nanoparticle suspensions that can be used as nanofluids.

Substantial progress has been made in the development of nanoparticle-based
superstructures, which can lead to controllable size, composition, shape, and
surface chemistry clusters. Quantum dot monolayers have been used in the
design of light-emitting diodes (LED) [35], whereas quantum dot multilayers
have been used for multicolored light-emitting films [36], biosensors [37],
light-harvesting devices [38], photodetectors [39], and Förster resonant energy
transfer sensing [40].

For nanostructured bulk materials, the applications include powertrains,
lightweight construction, energy conversion, pollution sensing and reduction, in-
terior cooling, wear reduction, surveillance control, and many more [41]. Porous
composites have numerous applications as separation filters, catalyst supports,
bio-implants, and sensors due to their controllable microstructures, high specific



18 INTRODUCTION

FIGURE 1.8 Examples of nanoparticle suspensions that can be used as nanofluids.

surface area, and desirable mechanical properties. Among different porous mate-
rials, those with interconnected pores are drawing more attention. Interconnected
porous microstructures provide an open, three-dimensional network and thus
high fluid permeability, resistance to chemical attack, and mechanical strength.
Figure 1.9 shows partially sintered SiO2 (from SiO2 nanoparticles of 22 nm) and
SiO2–kaolinite composite with a large amount of porosities.

1.7 PROCESSING OVERVIEW

Nanoparticles and nanoparticle-based materials are complex systems in which
the properties of the final products are influenced by a multitude of variables that

(a) (b)

FIGURE 1.9 Partially sintered SiO2 (from SiO2 nanoparticles of 22 nm) (a) and SiO2–
kaolinite nanocomposite (b).
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operate at different length scales. There is a lack of fundamental theoretical under-
standing of the important processing variables that influence the performance and
properties. Sometimes it is even difficult to know what processing variables are
important for a given performance requirement. This lack of understanding leads
to nanomaterial processing practices based on trial-and-error efforts and inhibits
the timely development and commercialization of these materials. This book is
focused on these important processing issues. The discussion on nanoparticle-
based materials is divided into seven chapters: (1) introduction, (2) nanoparticle
synthesis, (3) nanoparticle characterization, (4) nanoparticle-based superstruc-
tures, (5) nanoparticle-based material shaping, (6) nanoparticle-based material
sintering, and (7) manufacturing issues and emerging areas for nanoparticle-
based materials. Figure 1.10 shows the interrelationship of the different chapters
in this book.

In this introduction chapter, an overview of general nanoscale science and
technology and nanomaterials is provided. Nanoparticle and nanoparticle-based
materials are defined. These are followed by a discussion of the unique charac-
teristics and properties of nanoparticle-based materials. The key scientific and
technical barriers in this important field are analyzed, and the vast applications
of nanoparticle-based materials are reviewed.

In the nanoparticle synthesis chapter, fundamental nucleation and particle
growth theories are first reviewed, with a focus on homogeneous nucleation.
The discussion of nanoparticle synthesis is divided into three general categories:

Introduction

Nanoparticle
synthesis

Nanoparticle-
based

architectures

Nanoparticle-
based material 

shaping

Nanoparticle-
based material 

sintering

Nanoparticle
characterization

Emerging issues

FIGURE 1.10 Interrelationship of the different chapters in this book.
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gas phase, liquid phase, and solid phase. For each synthesis category, different
subcategories are defined and discussed. Among these, liquid phase nanoparti-
cle synthesis is the most widely studied because of its ability to overcome the
agglomeration tendency of nanoparticles.

In the nanoparticle characterization chapter, the discussion evolves into
the following categories: size, shape, and morphology; energetics and global
thermodynamics; surface area; porosity and pore size measurement; structure
characterization; and composition characterization. Many of the characteriza-
tion techniques are extensions of conventional material analysis capabilities.
However, new capabilities for an existing characterization technique may be de-
veloped and new issues might arise for the characterization of nanoparticles and
nanoparticle-based materials.

In the nanoparticle-based superstructure chapter, the discussion is divided into
top-down, bottom-up, and hybrid approaches followed by templating and three-
dimensional assembly. The top-down processes discussed include photolithog-
raphy, electron beam lithography, and ion beam lithography. For the bottom-up
approach, the discussion is grouped based on the driving forces: van der Waals
force, dipole moment, electrostatic or magnetic interaction, covalent bonding,
hydrogen bonding, field-assisted assembly, and capillary force. The hybrid pro-
cess includes functionalized interaction and nonfunctionalized interaction. The
templating approaches involve natural and synthetic templates.

In the nanoparticle-based material shaping chapter, the discussion is divided
based on the water content of a system: dry forming techniques, semidry forming
techniques, and wet forming techniques, followed by special techniques such as
digital processing techniques and bio-derived processes. The dry forming tech-
nique includes uniaxial compaction, cold isostatic processing, superhigh pressure
compaction, and dynamic compaction. The semidry forming technique mainly
includes molding and extrusion. The wet forming technique includes colloidal
suspension, pressure casting, tape casting, freeze casting, gel casting, and elec-
trophoretic deposition. The digital processing technique includes digital writ-
ing, stereolithography, and ink-jet printing. The bio-derived processing includes
bioactive material-derived and biomimetic material-derived shaping.

In the nanoparticle-based material sintering chapter, sintering theories are dis-
cussed first, followed by an analysis of nanoparticle sintering characteristics.
After that, the sintering discussion is divided into studies related to porous and
dense materials. For the porous nanoparticle material sintering, it includes free
sintering and special sintering techniques. For dense nanoparticle material sin-
tering, the discussion concerns sintering cycles, nanoparticle size and packing,
and diffusion rate. For pressure sintering, hot pressing, hot isostatic pressing,
sinter forging, spark plasma sintering, and other niche sintering techniques are
addressed.

The chapter on manufacturing issues and emerging areas in nanoparticles
and nanoparticle-based materials is divided into defect measurement, process
and quality control, modeling and simulation, and environmental and health
concerns.
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1.8 SUMMARY

In this chapter, the general scopes of nanoscale science and technology and
nanomaterials are explained and nanoparticles and nanoparticle-based materi-
als are defined in this broad scheme. These are followed by a discussion of
the unique characteristics of nanoparticles and nanoparticle-based materials.
Some of the exciting properties for nanoparticle-related materials are introduced.
The key scientific and technical barriers in this important field are analyzed.
The vast applications and future potentials of nanoparticle-based materials are
reviewed. Lastly, the overall structure of the book is presented.

QUESTIONS

1. What is the interrelationship among nanotechnology, nanomaterials, and
nanoparticle-based materials?

2. Design a concept tree related to the processing stages of nanoparticles and
nanoparticle-based materials. Point out the technical challenges at each step.

3. Give three examples about the unique characteristics of nanoparticles or
nanoparticle based materials and explain why?

4. From everyday life applications, give two examples about the enhanced proper-
ties that nanoparticle-based materials can offer. What are the potential hurdles
for utilizing these materials?

5. Devise a flow chart showing the nanoparticle-based material processing steps.

REFERENCES

1. Rubahn H-G. Basics of Nanotechnology. 3rd ed. Weinheim, Germany: Wiley-VCH Verlag
GmbH & Co. KGaA; 2008.

2. Poole CP Jr, Owens FJ. Introduction to Nanotechnology. Hoboken, NJ: John Wiley &
Sons; 2003.

3. Di Ventra M, Evoy S, Heflin JR Jr. Introduction to Nanoscale Science and Technology.
New York: Springer; 2004.

4. Cao G. Nanostructures & Nanomaterials: Synthesis, Properties, and Applications.
London: Imperial College Press; 2004.

5. Vollath D. Nanomaterials, An Introduction to Synthesis, Properties and Applications.
Weinheim, Germany: Wiley-VCH Verlag GmbH & Co. KGaA; 2008.

6. Edelstein AS, Cammarata RC. Nanomaterials: Synthesis, Properties and Applications.
New York, NY: Taylor & Francis; 1996.

7. German RM. Powder Metallurgy & Particulate Materials Processing. Princeton, NJ:
MPIF; 2005.

8. Rahaman MN. Ceramic Processing. New York, NY: Taylor & Francis; 2007.
9. Wu W, Nancollas GH. A new understanding of the relationship between solubility and

particle size. J Solution Chem 1998;27:521–531.
10. Rao CNR, Kulkarni GU, Thomas PJ, Edwards PP. Size-dependent chemistry: properties

of nanocrystals. Chem Eur J 2002;8:29–35.



22 INTRODUCTION

11. Lim DC, Lopez-Salido I, Dietsche R, Bubek M, Kim YD. Electronic and chemical
properties of supported Au nanoparticles. Chem Phys 2006;330:441–448.

12. Krishnakumar T, Jayaprakash R, Singh VN, Mehta BR, Phani AR. Synthesis and charac-
terization of tin oxide nanoparticle for humidity sensor applications. J Nano Res 2008;4:
91–101.

13. Yang CC, Li S. Investigation of cohesive energy effects on size-dependent physical and
chemical properties of nanocrystals. Phys Rev B 2007;75:165413 5pp.

14. Andreeva D, Idakiev V, Tabakova T, Ilieva L, Falaras P, Bourlinos A, Travlos A.
Low-temperature water-gas shift reaction over Au/CeO2 catalysts. Catal Today 2002;72:
51–57.

15. Karch J, Birringer R, Gleiter H. Ceramics ductile at low temperature. Nature
1987;330:556–558.

16. Mayo MJ, Siegel RW, Liao YX, Nix WD. Nanoindentation of nanocrystalline ZnO.
J Mater Res 1992;7:973–979.

17. Wakai F, Sakaguchi S, Matsuno Y. Super-plasticity of yttria-stabilized tetragonal ZrO2

poly-crystals. Adv Ceram Mater 1986;1:259–263.
18. Wakai F, Kondo N, Ogawa H, Nagano T, Tsurekawa S. Ceramics superplasticity: deforms

mechanisms and microstructures. Mater Charact 1996;37:331–341.
19. Habibi MK, Joshi SP, Gupta M. Hierarchical magnesium nano-composites for

enhanced mechanical response. Acta Mater 2010;58:6104–6114.
20. Donga Q, Tang Q, Li W. Al2O3-TiC-ZrO2 nanocomposties fabricated by combustion

synthesis followed by hot pressing. Mater Sci Eng A 2008;475:68–75.
21. Zhang ZB, Sun XZ, Dresselhaus MS, Ying JY, Heremans J. Electronic transport proper-

ties of single-crystal bismuth nanowire arrays. Phys Rev B 2000;61:4850–4861.
22. Chung S-W, Yu J-Y, Heath JR. Silicon nanowire devices. Appl Phys Lett 2000;76:2068–

2070.
23. Hartner S, Ali M, Schulz C, Winterer M, Wiggers H. Electrical properties of aluminum-

doped zinc oxide (AZO) nanoparticles synthesized by chemical vapor synthesis. Nan-
otechnology 2009;20:445701 8pp.

24. Iqbal MJ, Ashiq MN. Physical and electrical properties of Zr-Cu substituted strontium
hexaferrite nanoparticles synthesized by co-precipitation method. Chem Eng J 2008;136:
383–389.

25. Mansillaa MV, Zyslera R, Fioranib D, Suber L. Annealing effects on magnetic properties
of acicular hematite nanoparticles. Phys B 2002;320:206–209.

26. Alam S, Anand C, Logudurai R, Balasubramanian VV, Ariga K, Bose AC, Mori T,
Srinivasu P, Vinu A. Comparative study on the magnetic properties of iron oxide nanopar-
ticles loaded on mesoporous silica and carbon materials with different structure. Micro-
porous Mesoporous Mater 2009;121:178–184.

27. Zhang L, Xue D, Gao C. Anomalous magnetic properties of antiferromagnetic CoO
nanoparticles. J Magn Magn Mater 2003;267:111–114.

28. Ito Y, Miyazaki A, Valiyaveettil S, Enoki T. Magnetic properties of Fe-Pd alloy nanopar-
ticles. J Phys Chem C 2010;114:11699–11702.

29. Krell A, Hutzler T, Klimke J, Potthoff A. Fine-grained transport spinel windows by the
processing of different nanopowder. J Am Ceram Soc 2010;93:2656–2666.

30. Mahdihassan S. Colloidal gold as an alchemical preparation. Janus 1971;58:112–118.
31. Mahdihassan S. The tradition of alchemy in India. Am J Chin Med 1981;9:23–33.
32. Nagy JA, Meyers MS, Masse EM, Herzberg KT, Dvorak HF. Pathogenesis of ascites

tumor growth: fibrinogen influx and fibrin accumulation in tissues lining the peritoneal
cavity. Cancer Res 1995;55:369–375.



REFERENCES 23

33. Johanek V, Laurin M, Grant AW, Kasemo B, Henry CR, Libuda J. Fluctuations and
bistabilities on catalyst nanoparticles. Science 2004;304:1639.

34. Campbell CT. The active site in nanoparticle gold catalysis (A perspective). Science
2004;306:234.

35. Coe S, Woo W, Bawendi M, Bulovic V. Electroluminescence from single monolayers of
nanocrystals in molecular organic devices. Nature 2002;420:800–803.

36. Lin Y, Tseng W, Chang H. Using layer-by-layer assembly technique to fabricate
multicolored-light-emitting films of CdSe@CdS and CdTe quantum dots. Adv Mater
2006;18:1381–1386.

37. Li X, Zhou Y, Zheng Z, Yue X, Dai Z, Liu S, Tang Z. Glucose biosensor based on
nanocomposite films of CdTe quantum dots and glucose oxidase. Langmuir 2009;25:
6580–6586.

38. Rogach AL, Klar TA, Lupton JM, Meijerink A, Feldmann J. Energy transfer with semi-
conductor nanocrystals. J Mater Chem 2009;19:1208–1221.

39. Konstantatos G, Clifford J, Levina L, Sargent EH. Sensitive solution-processed visible-
wavelength photodetectors. Nat Photonics 2007;1:531–534.

40. Gole A, Jana NR, Selvan ST, Ying JY. Langmuir-Blodgett thin films of quantum dots:
synthesis, surface modification and fluorescence resonance energy transfer (FRET) stud-
ies. Langmuir 2008;24:8181–8186.

41. Presting H, Konig U. Future nanotechnology developments for automotive applications.
Mater Sci Eng C 2003;23:737–741.



CHAPTER 2

NANOPARTICLE SYNTHESIS

2.1 INTRODUCTION

Nanoparticle synthesis involves the creation of nanoparticles from ions, atoms, or
molecules. Different from conventional micron-sized particle synthesis, nanopar-
ticle synthesis often involves careful design of nanoparticle atomic structure,
composition, size, and even specific composition distribution. Synthesized
nanoparticles generally range from <100 atoms to ∼100 nm in size. Nanoparticle
synthesis is the first necessary and fundamental step for the entire nanoparticle-
based material field and plays pivotal roles in the continuous advancement of
nanomaterials. In this chapter, nanoparticle synthesis discussion is divided into
gas-, liquid-, and solid-based systems (Fig. 2.1). For each system, different syn-
thesis methods are discussed based on the fundamental synthesis mechanisms.
Gas-phase nanoparticle synthesis includes gas–gas reaction, gas–liquid reaction,
and gas–solid reaction. Liquid-phase nanoparticle synthesis includes fundamental
methods, confined methods, composite nanoparticle synthesis, and field-assisted
nanoparticle synthesis. Solid-phase synthesis includes milling and reaction be-
tween solids. Besides discrete nanoparticle synthesis, there has been a growing
trend in forming nanoparticles on a substrate or other supports. Since this family
of nanoparticle synthesis is more or less a variation in heterogeneous nucle-
ation and growth process, it will not be extensively covered. However, examples
will be given for nanoparticles formed on the surfaces of existing core particles
or on certain templates. These types of particles are categorized as composite
nanoparticles and are included in the liquid-phase synthesis category.

Nanoparticulate Materials: Synthesis, Characterization, and Processing, First Edition. Kathy Lu.
© 2013 John Wiley & Sons, Inc. Published 2013 by John Wiley & Sons, Inc.
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FIGURE 2.1 Nanoparticle synthesis methods.

Liquid-phase approach is dominant in nanoparticle synthesis. This is mainly
because nanoparticles require careful nucleation and growth process control in
order to obtain the required size and shape. After nanoparticles are obtained, huge
surface areas are available; thus, diligent efforts are required for agglomeration
prevention. Liquid provides more flexibility in controlling nanoparticle formation
processes and a natural vehicle for nanoparticle dispersion and manipulation
afterwards.

For certain specific nanoparticle synthesis needs, one technique may be more
suitable than another. For example, nonaqueous solvothermal synthesis is mainly
developed for nonoxide semiconductor nanoparticles and hydrolysis is mainly
suited for oxide nanoparticles. Each synthesis approach has its strengths and
deficiencies. For all the synthesis techniques, highly controllable processes and
environmentally benign starting materials are universally desired. According to
the specific needs and constraints of the applications on hand, there can be various
modifications to the general systems discussed here.

2.2 THEORY

For nanoparticle synthesis, just as for micron-sized particle synthesis, there are
two essential steps: nucleation and growth of nanoparticles. At the beginning
of the nanoparticle formation process, the thermodynamic state of the system is
very important for nucleation. Sometimes this can involve very short timescales,
such as sub-picoseconds. After nuclei are formed and remain stable, nanoparti-
cle growth needs to be carefully controlled in order to obtain targeted particle
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size, shape, and distribution. An integrated understanding of nanoparticle growth
across a variety of timescales, such as from femtoseconds to hours or even days, is
needed. Thermodynamics is the fundamental science guiding the understanding
in this area.

2.2.1 Nucleation

There are two types of nucleation: homogeneous and heterogeneous. In homo-
geneous nucleation, nuclei are formed in a completely uniform environment. In
heterogeneous nucleation, nuclei are preferentially formed on some media such
as existing particles or the walls of the container. Reactant addition mode, stirring
rate, container surface condition, temperature uniformity, and many other factors
can all affect the nucleation process.

2.2.1.1 Homogeneous Nucleation First, the nucleation process can be
understood as follows using a liquid system as an example. For a given system,
there are always thermodynamic fluctuations that will result in local changes from
the equilibrium state. The local fluctuation of solution concentration generates the
possibility of forming small nuclei—a new phase in the liquid that is composed of
the intended new species. Whether the new phase remains stable or not depends
on the chemical potentials of the old and new phases. When the initial bulk phase
is unstable, for which the chemical potential is higher than that of the newly
formed phase, the new phase will become stable and grow after some critical size
is exceeded. For nucleation to occur, supersaturation of the solute is necessary.
To achieve the desired supersaturation state, the solution can be oversaturated
either by dissolving the solute at higher temperatures or by adding reactants to
produce a supersaturated solution. In other words, the work of nucleus formation
must be overcome for the process to proceed.

If a system is free from other preferential nucleation sites, such as container
walls or other surfaces, homogeneous nucleation occurs when the precursor
concentration increases to above the nucleation threshold. The free energy change
during the formation of a spherical nucleus, �G, can be expressed as [1]

�G = 4πr2γ +
4

3
πr3�G l→s, (2.1)

where r is the radius of the nucleus, γ is the specific surface energy of the
nucleus, and �G l→s is the free energy change per unit volume when new nuclei
are formed from the liquid, which is negative if nuclei form spontaneously. The
first term represents the free energy change upon the formation of a new interface
and contributes positively to the total free energy change. The second term is
the volume term and represents the change in chemical potential of the matter
comprising the nuclei. When the second term is positive, the nucleus formed is
unstable and disappears spontaneously. In order for a stable nucleus to form, an
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energy barrier needs to be overcome. This can be expressed as the maximum free
energy change at critical nucleus radius rc:

rc = −
2γ

�G l→s

. (2.2)

The free energy change barrier that needs to be overcome, �Gc, is

�Gc =
16πγ 3

3�G2
l→s

, (2.3)

�G l→s = −
kT

νs

ln
Css

C s

, (2.4)

where k is Boltzmann’s constant (1.3806 × 10−23 m2 kg s−2 K−1), T is absolute
temperature, νs is the volume per molecule in the solid, Css is the supersaturated
concentration of the ions in the solution, and Cs is the saturated concentration
of the ions in the solution. When the nucleus size is smaller than rc, the free
energy increases with the particle size. The critical free energy change �Gc at
critical size rc has to be exceeded before the newly formed nucleus becomes
stable. A stable nucleus is the smallest particle size that can be obtained. Af-
ter this point, the free energy will decrease with the particle size, indicating
a stable phase forming. With further free energy decrease, the particle keeps
growing.

Assuming the nucleation process is thermodynamically favorable, the nucleus
formation probability Pf can be expressed as

Pf = exp

(

−
�G t

kT

)

, (2.5)

where �Gt is the activation energy for transfer of a “structural unit” from the
liquid to a nucleus (kinetic barrier). The steady-state homogeneous volume nu-
cleation rate I can be written as

I =
2Nf · a · (k · T · γ )1/2

h
exp

(

−�G t

kT

)

exp

(

−16πγ 3

3�G2
l→s

)

, (2.6)

where Nf is the number of structural units (formula) per unit volume of the
solution, a is the structural unit size, and h is Planck’s constant. Equation (2.6)
indicates that high supersaturation (high N) and low critical energy barrier (�Gc)
favor nucleation.

2.2.1.2 Heterogeneous Nucleation When nuclei originate on the surface
of foreign species, such as impurities, dispersed particles, or container walls,
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heterogeneous formation of nuclei occurs. Heterogeneous nucleation on a foreign
surface has a lower surface energy and a diminished thermodynamic barrier,
which leads to a lower critical supersaturation. For heterogeneous nucleation on
a planar surface, the critical nucleus size rhet

c and activation energy �Ghet
c for

heterogeneous nucleation are

rhet
c =

2γ

�G l→s

·
sin2 ϕ · cos ϕ + 2 cos ϕ − 2

2 − 3 cos ϕ + cos3 ϕ
, (2.7)

�Ghet
c =

16πγ 3

3(�G l→s)2
·

2 − 3 cos ϕ + cos3 ϕ

4
, (2.8)

where ϕ is the contact angle of the new phase on the substrate. Depending on the
value of ϕ, the second term in Equation (2.8) may vary from zero to unity.

For the heterogeneous nucleation rate, the number of structural units per
volume N needs to be replaced by Ns, the structural units in contact with the
nucleating surface per unit volume. Once the heterogeneous nucleation sites
are used up, there are no more of them, limiting the maximum heterogeneous
nucleation rate Ihet to

Ihet
∼=

Ns · k · T

h
exp

(

−�G t

kT

)

exp

(

−16πγ 3

3�G2
l→s

)

. (2.9)

Although traditionally not quite desirable, heterogeneous nucleation has found
new applications such as coating one type of particles with a layer of the sec-
ond type of species. With the increasing interest in forming unique composition
nanoparticles and templating, heterogeneous nucleation is being utilized in in-
creasingly creative manners for novel materials and properties.

2.2.2 Growth

After stable nuclei are formed, nanoparticles can grow in three ways: homo-
geneous growth, Ostwald ripening, and aggregation. The ability to control the
growth of nuclei determines if the obtained particles will be nano-sized or micron-
sized and how wide the particle size distribution will be.

During homogeneous nanoparticle growth, nucleus size increases by molec-
ular addition. Along with nucleus growth, solution supersaturation decreases.
There are three discrete steps for nanoparticle growth: diffusion of the grow-
ing species from the solution to the nucleus surface, adsorption of the growing
species onto the nucleus, and the incorporation of the growing species into the
nucleus. Nanoparticle growth process can be diffusion-controlled or particle sur-
face reaction controlled. If the growth is controlled by diffusion, concentration
gradient and temperature distribution in the given system are important factors
in determining the growth rate.
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For homogeneous nanoparticle growth, diffusion-controlled growth is often
encountered. No new nuclei form as long as the consumption of the precursor(s)
by the growing nanoparticles is not exceeded by the rate of precursor addition.
At this stage, smaller particles grow more quickly than larger ones because
the free energy driving force is larger for smaller particles. As a result, the
particle size distribution becomes smaller. This is called focusing in size. Nearly
monodispersed size distribution can be obtained at this stage [2]. Assuming the
growing nanoparticles have a spherical shape, the particle size distribution change
can be understood from Fick’s first law [3, 4]:

J = 4πx2 Ddiff

dC

dx
, (2.10)

where J is the growing species flux through a spherical shell of radius x. Ddiff is
the diffusion coefficient of the growing species, and C is the bulk concentration of
the growing species in the solution. Assuming that the saturation concentration,
Cs, is maintained at the particle surface and a steady-state diffusion exists in the
solution:

J = 4πr Ddiff(C − Cs), (2.11)

dr

dt
=

J Vm

4πr2
= Ddiff(C − Cs)

Vm

r
, (2.12)

where Vm is the nucleus molar volume. In general, the average nanoparticle radius
r can be estimated as a function of growth time, t:

r2 = r2
0 + Krt, (2.13)

where r0 is the initial particle radius, and Kr is a constant that obeys the Arrhenius
relation. In addition, from Equation (2.12), there is

δr

δr0

=
r0

r
. (2.14)

Thus,

δr

r
=

(r0

r

)2 δr0

r0

. (2.15)

Equation (2.15) shows that the relative particle size distribution becomes narrower
as the particles grow. This is why nanoparticle focusing in size can occur.

For surface reaction-controlled particle growth, the relative particle size dis-
tribution depends on whether the surface layers grow in a sequential (monolayer,
slow reaction-controlled growth) or parallel (multilayer) manner. For monolayer
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growth, the growth is limited by reaction(s) on particle surfaces; therefore, all
nanoparticles will grow simultaneously:

dr

dt
= Kmor2, (2.16)

δr

r
=

r

r0

δr0

r0

, (2.17)

where Kmo is a constant. This means that the relative particle size distribution
increases with particle growth. For multilayer growth,

dr

dt
= Kmt, (2.18)

δr

r
=

r0

r

δr0

r0

, (2.19)

where Kmt is a constant. This means that the relative particle size distribution
decreases with particle growth, but to a lesser extent than the diffusion-controlled
particle growth mode.

When the solute concentration drops below supersaturation level, many sys-
tems exhibit a distinct nanoparticle growth phase in which Ostwald ripening
(a phenomenon in solid solutions or liquid suspensions that, over time, small
particles dissolve and redeposit onto larger particles) occurs. Smaller particles
dissolve because of their higher solubility and precipitate on the surface of larger
particles, where the solubility is lower. A detailed mathematical description of
Ostwald ripening was first developed by Lifshitz and Slyozov, and separately by
Wagner. The combined model is referred to as LSW theory and can be found
elsewhere [5, 6]. At the Ostwald ripening stage of nanoparticle growth, it is very
difficult to obtain monodispersed particles. If the process is extended for a long
enough time to completely deplete the smaller particles, the average particle size
increases and the desired nanoparticle size range can easily be exceeded. If the
nanoparticle growth process is stopped at this Ostwald ripening stage, the parti-
cles will have a wide size distribution. From a different perspective, since high
enough solubility of the solid phase is the necessary condition for Ostwald ripen-
ing, this approach is mostly only effective for narrowing the size distribution of
semiconductor nanoparticles, at the expense of increasing average particle size.
For metal nanoparticles, this method is less effective. For oxide nanoparticles,
this method has almost no effect. In general, Ostwald ripening is undesirable and
should be avoided, most effectively by eliminating the necessary thermodynamic
condition(s), such as by suppressing the solubility of the nanoparticles. Nanopar-
ticle growth can also be confined within a limited space to control the nanoparticle
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growth kinetically and avoid Ostwald ripening. Such processes include micelle
synthesis, spray pyrolysis, and templating, which will be discussed later.

Because of the large surface area and high surface energy available, nanopar-
ticles can also grow through aggregation of small particles or unstable nuclei.
Aggregation occurs by engulfing smaller particles onto the surfaces of large par-
ticle clusters; the growth rate is higher than that through molecular addition, but
the process is not as controllable. More problematically, smaller nanoparticles or
nuclei tend to aggregate with large particles more often than with the same size
counterparts. This is because when the surface charge density is the same, the
aggregation rate decreases exponentially. In addition, the barrier for aggregation
increases with the particle size. This means that aggregation is a more dominant
phenomenon for nanoparticles compared with their micron-sized counterparts.
To prevent aggregation of nanoparticles, stabilizing agents can be used. When
stabilizing agent molecules attach to nanoparticle surfaces [7], they sterically
stabilize nanoparticles in the solution, mediate nanoparticle growth/aggregation,
and passivate the electronic states of nanoparticle surfaces. In summary, overall
nanoparticle nucleation and growth can be illustrated in Figure 2.2.

Particle size growth is a relatively well-discussed topic, under the assumption
that particles are spherical and grow isotropically. This concept works well for
amorphous particles. Many nanoparticles, however, are crystalline and the sur-
face energies are different at different crystallographic orientations, which need
to be considered during particle growth. Anisotropic particle growth is thermody-
namically favored. This is also the basis for synthesizing nanobelts, nanoribbons,
nanotubes, nanoprisms, etc. However, anisotropic nanoparticle growth is beyond
the scope of this book and will not be covered. When the surface energies of
different crystal planes are not drastically different, the isotropic assumption is
acceptable and equiaxed particles can be made.

d d

Nucleation Growth

HeterogeneousHomogeneous Molecular

addition

Ostwald

ripening
Aggregation

Diffusion-

controlled

Reaction-

controlled

Monolayer

growth
Multilayer
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FIGURE 2.2 Nanoparticle nucleation and growth relationships.
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2.3 GAS-PHASE NANOPARTICLE SYNTHESIS

In gas-phase synthesis, vapors of different starting materials react and condense
to form nanoparticles. First, with the thermal fluctuation of the synthesis system,
nucleation of two or three atoms or molecules occurs when the local vapor
concentration is high. Second, atom or molecule level clusters collide, combine,
and condense to form a stable nucleus/particle. This collision and condensation
step is a stochastic process, and is ruled by the dynamics of the gas species.
Colliding clusters or small particles may coagulate and grow until they reach a
critical size, after which further growth of the particles becomes undesirable. The
mean free path length λ for a particle/cluster in a gas is estimated by [8]

λ =
4

√
2π Ng(DG + Dp)2

, (2.20)

where Dp is the particle diameter, DG is the diameter of the atoms or molecules of
the gas species, and Ng is the number of gas atoms or molecules per unit volume.
λ is inversely proportional to the density of gas molecules and the vapor pressure
in the system.

As the processes of condensation and cluster collision are random by nature,
the distribution of particle sizes obtained by gas-phase synthesis is relatively
broad. Lowering synthesis temperature can reduce excessive cluster collision and
decrease particle size distribution; but the minimum temperature must be able
to sustain the vapor phase and cluster collision and reaction. This means that a
reasonably high temperature must be sustained throughout the process. However,
the high synthesis temperature often causes hard agglomerate formation because
of nanoparticle sintering and solid bond formation. To overcome this problem,
the synthesis system is sometimes quenched with an inert, cold gas directly
after particle formation, or the particles are loaded with electrical charges of the
same sign so that the particles repel each other and the agglomeration process is
terminated.

2.3.1 Gas–Gas Reaction

2.3.1.1 Physical Vapor Synthesis Inert gas condensation: The earliest
process for synthesizing nanoparticles in a gas phase is inert gas condensation,
which applies thermal evaporation to a metal source within a vacuum chamber
filled with a small amount of inert gas and the condensation of the metal vapor
leads to metal nanoparticle formation. The inert gas is used to influence the
collision frequency of the evaporating species. During the entire process, only
the physical state of the species is altered. The condensation process includes
nucleation, particle growth, and particle coagulation and coalescence. The process
is illustratively shown in Figure 2.3.

The specific synthesis conditions dictate which of these processes will have
a more significant role in the nanoparticle characteristics. For example, gold



GAS-PHASE NANOPARTICLE SYNTHESIS 33

D
ec

re
as

in
g
 t

em
p
er

at
u
re

C
lu

st
er

s,

p
ar

ti
cl

es
A

g
g
lo

m
er

at
es

G
as

 s
p
ec

ie
s

A
to

m
s

Heat source

Heated bulk material

FIGURE 2.3 Illustration of the inert gas condensation process. (For a color version of this

figure, see the color plate section.)

nanoparticles can be made by evaporating bulk gold in a boat at high temperatures.
The atoms of gold vapor emanating from the boat collide with the atoms of the
inert gas, rapidly losing energy with each collision. The collisions with other
thermalized gold atoms lead to gold nanoparticle nucleation and formation. As
long as the collision mean free path is very short, that is, in the order of 100 nm, the
nucleation process proceeds homogeneously in the vapor phase. Helium is usually
used as the inert gas as it has a high thermal conductivity. At a high supersaturation
of the evaporating species, nucleation abruptly takes place, forming a very large
number of extremely small primary particles. For steady-state cluster formation
and distribution, the nucleation rate JN depends on the supersaturation S of the
metal vapor in the gas phase:

JN ∝ exp

(

−γ 3

ln2 S

)

, (2.21)

where γ is the specific surface energy. The free energy barrier, �Gc, against
nucleation is also a function of γ and S as follows:

�Gc =
16

3
π

γ 3

(ρRT ln S)2
, (2.22)

where ρ is particle density, R is gas constant, and T is temperature.
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The supersaturation of a metal vapor is related to the collision of the metal
atoms with the gas atoms and the amount of undercooling, thus the nucleation
process and the evaporation temperature of the metal source. Based on the temper-
ature dependence of vapor pressures of various vaporizing species, it is possible
to estimate the supersaturation in the gas phase at a given condition [9].

Once nucleation has taken place, the growth of nanoparticles is spontaneous
and occurs within a thin layer above the surface of the evaporating source [9].
Particles experience collisions due to random motion and grow to larger sizes as
additional material is deposited on the surfaces of the primary particles. Coales-
cence (joining, bonding, or welding of particles) is the dominant mechanism for
particle growth [10]. Particles formed in the gas phase can travel by thermophore-
sis (a natural movement of nanoparticles in a decreasing temperature direction)
to a cold finger where they are collected.

Inert gas condensation was pioneered by Gleiter, who synthesized iron
nanoparticles that demonstrated properties different from their bulk counterparts
[11]. Since then, the process has been improved and applied to different pure
metals, alloys, oxides, and composites.

First, for metal species, silver nanoparticles are synthesized by inert gas con-
densation with flowing helium in the chamber. The example synthesis tempera-
tures are 1123, 1273, and 1423 K and the helium pressures are 0.5, 1, 5, 50, and
100 torr, respectively [10]. Silver atoms evaporated from a tungsten boat rapidly
lose their kinetic energy by collision with the helium atoms and transform from
vapor phase to solid phase above the evaporation source. Near the evaporation
source, where the temperature is high, homogeneous nucleation of primary par-
ticles in the gas phase takes place abruptly and proceeds at a high rate. These
particles serve as a sink for additional vapors that quickly reduce the supersatura-
tion and quench any additional nucleation. The particle size synthesized is fairly
small and ranges from 9 to 32 nm, depending on the growth conditions. At lower
evaporation temperature and inert gas pressure, the particle growth by collision is
subdued, anisotropic specific surface energy for different crystallographic planes
is minimized, and smaller particles are formed with a spherical shape. Also,
particle coalescence and sintering are less likely and the synthesized particles
have less agglomeration. Particle sizes range from 9 ± 1 to 24 ± 1 nm when
the evaporation temperature is 1123 K and the helium pressures are 0.5, 1, 5, 50,
and 100 torr for the silver nanoparticles. Figure 2.4a shows the image of silver
nanoparticles synthesized at 1123 K and at a helium pressure of 0.5 torr (low
temperature, low inert gas pressure). Size distribution of the silver nanoparticles
is shown in Figure 2.4b. These particles are 9 nm in size and spherical in shape,
have a narrow size distribution, and are necked with each other in a chain-like
morphology. Figure 2.4c shows the transmission electron micrograph of silver
nanoparticles synthesized at 1423 K and at a helium pressure of 0.5 torr, which
have a much larger particle size and exhibit a greater amount of necking. Note
that the magnifications of Figures 2.4a and c are the same. The substantial effect
of temperature on the silver nanoparticle size is easy to see. Bismuth nanopar-
ticles with an average diameter of 12–37 nm are synthesized by controlling the
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(a)

(c)

(b)

FIGURE 2.4 Transmission electron bright field images: (a) silver nanoparticles synthesized

at an evaporation temperature of 1123 K and a helium pressure of 0.5 torr, (b) particle size

distribution, and (c) silver nanoparticles synthesized at an evaporation temperature of 1423 K

and a helium pressure of 0.5 torr. The scale bars are 20 nm [10]. (Reprinted with permission

from Raffi M, Rumaiz AK, Hasan MM, Shah SI. Studies of the growth parameters for silver

nanoparticle synthesis by inert gas condensation. J Mater Res 2007;22(12):3378–3384.)

quenching gas flow rate, carrier gas flow rate, and chamber pressure [12]. Nar-
row particle size distribution is obtained when these parameters are properly
controlled. Increasing the carrier or quenching gas flow rates and decreasing the
pressure decrease the product particle size. Particles directly deposited from the
gas phase are similarly sized spheres and essentially nonagglomerated.

In addition to single element metallic nanoparticles, inert gas condensation
can also be applied to alloys. The key is to control the evaporation and con-
densation rates of the source materials so that the desired stoichiometry is
obtained. When properly done, atomic level alloying can be achieved. Au/Pd
bimetallic nanoparticles are fabricated by inert gas condensation with a sputter.
The starting material used is 50:50 Au/Pd alloy. By controlling both the atmo-
sphere (Ar and He) in the condensation chamber (partial pressure 1–2 × 10−1
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torr) and the magnetron power (in the range of 32–130 W), Au/Pd nanoparti-
cles with a high degree of monodispersity in size (1.1, 3.0, and 5.0 nm) are
produced [13].

In order to produce monodispersed nanoparticles, two prerequisites must be
satisfied for inert gas condensation [4]. First, the nucleation and growth stages
must be separated distinctly. Since nuclei grow stochastically in the nucleation
stage, a long nucleation stage leads to a broad size distribution. For monodis-
persed particle size formation, nucleation must be finished in the early stage of the
particle formation process, and then only the initially formed nuclei should grow
without further nucleation. Second, the aggregation/coalescence of the growing
particles must be prohibited because it broadens the particle size distribution sig-
nificantly. In general, quenching the system right after the nucleation to eliminate
extended nucleation process and separating particles completely after a certain
size are effective strategies.

While metal nanoparticle synthesis by inert gas condensation is more common,
oxides such as AgO, WO3, and SnO [14] nanoparticles are also produced by
this method with different O2 amounts, raw material feeding rates, and gas
types and pressures. The effects of these parameters on the size, morphology,
and specific surface area of the nanoparticles follow three general trends [15].
(i) With an increasing amount of O2, smaller, more spherical, and less chain-
like nanoparticles are more likely. This is because high oxygen amount leads to
faster and more complete consumption of metal species. (ii) Low raw material
feeding rate results in the formation of finer nanoparticles. At lower raw material
feeding rate, due to the lower vapor pressure from the precursors, less collision
and coalescence take place, the growth rate of particles slows down, and thereby,
relatively small particles are formed. (iii) Higher gas pressure results in more
nanoparticle collisions and coarser particle sizes. Mean particle diameter is almost
proportional to the pressure for a given type of gas. Increased atomic weight of
the gas is also favorable for the formation of larger particles. Mn3O4 particles
ranging from 2 nm to above 100 nm are produced by flowing moist helium over
a manganese granule (99.99% pure) boat, with the majority of particles falling
in the range below 20 nm with a modal particle size (the size that occurs most
frequently in the frequency distribution) of 6 nm. The smaller particles are single
crystals, but the larger particles appear to have a dense region around their edges
with a less dense center [16].

Composite nanoparticles with different composition distributions are also syn-
thesized by inert gas condensation. Nonstoichiometric CuOx/CeO2 composite
consists of aggregated CeO2 nanocrystallites over which amorphous copper clus-
ters (or a thin film of the solid solution) are finely dispersed. In the range of
6–20 at% copper, copper is predominantly located on the surface. Development
of core/shell structures occurs in the 30–70 at% copper concentration range and
is attributed to a sequential oxidation of cerium followed by copper. The compo-
sition of nonstoichiometric CuOx/CeO2 nanocomposite particles can be changed
over almost the entire composition range (2–98 at% copper) [17]. Again, the
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helium gas pressure controls the nanoparticle size and aggregation. Resistive
evaporation and laser ablation can be combined in an inert gas condensation
system to synthesize core/shell nanoparticles composed of different materials.
Resistively evaporated nickel and laser ablated CoO form core/shell particles
with improved magnetic properties [18]. The particles have single domain and
superparamagnetic behavior at room temperature as a result of their small sizes.

Molecular dynamic simulation is employed to provide a detailed analysis of
the coalescence of iron clusters over the course of their growth in an inert gas
atmosphere. The changes in atomic structure and morphology show that the
duration of the coalescence depends on the state of the colliding clusters. At
elevated temperatures an exponential decay of the cluster shape is found. At
lower temperatures, clusters exhibit a regular atomic structure. The coalescence
process includes the restructuring of the clusters and has three distinct steps
under nonadiabatic conditions: neck formation at the contact area of the particles,
transformation from the dumbbell shape to an oval shape, and coalescence from
the oval shape toward a spherical shape. Each of these steps is related to a different
extent of heat exchange with the carrier gas [19].

Inert gas condensation has the advantages of single-step production, involve-
ment of only inorganic and easy-to-obtain precursors, production of high-purity
nanoparticles, and potential for large-scale production with a high yield. Due to
the high-temperature nature of the synthesis approach, nanoparticles usually have
good thermal stability. The main issues are poor particle size distribution control
and agglomeration. Also, the species that can be synthesized are also relatively
limited.

Physical vapor deposition: In addition to evaporating the source material, a
vapor phase can be generated by plasma. This different type of precursor gen-
eration process can be generalized as physical vapor deposition as shown in
Figure 2.5 and holds much promise for the synthesis of nanoparticles. Different
from conventional thermal process, a reduction in the residence time of the parti-
cles in the reaction zone and rapid cooling of the formed particles fundamentally
change nanoparticle formation mechanisms. The thermal diffusion-controlled
mass transport is replaced by the collision with a carrier gas.

Metal and oxide nanoparticles such as gold, copper, TiO2, ZnO, γ -Al2O3, and
Cu2O are synthesized by physical vapor deposition. The mean particle size and
crystallographic orientation are mainly influenced by the sputtering power, the
substrate temperature, and the nature, pressure, and flow rate of the sputtering
gas. Chromium clusters in the size range of 7.6–13 nm produced by physical
vapor deposition are shown in Figure 2.6 [20]. Inert gas flow first favors smaller
particle size but then increases the particle size. Particles are mostly spherical.
As the argon pressure increases, particle size and size distribution increase [21].
Mg–Cu alloy nanoparticles are prepared by physical vapor deposition in a mixture
of argon and hydrogen using micron-sized magnesium and copper as raw materi-
als [22]. A series of intermetallic compounds (Mg2Cu, MgCu2) form during the
synthesis [23].
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FIGURE 2.5 An illustration of physical vapor deposition process. (For a color version of

this figure, see the color plate section.)

Some interesting features that physical vapor deposition has include the abil-
ities to deposit nanoparticles on a substrate and form core/shell nanoparticle
structures. The substrate temperature can be controlled to achieve different par-
ticle size. Titanium is deposited at 300 K (a fairly low temperature) on recon-
structed Au(111) substrate. The elbow sites of the herringbone reconstruction
serve as selective nucleation sites for the growth of titanium islands. These tiny
islands at the specific sites evolve into titanium nanoparticles in regular arrays
(Fig. 2.7). TiO2 nanoclusters are synthesized by subsequent exposure of the tita-
nium nanoparticles to oxygen at 300 K [24]. Monolayer islands with an apparent
height of ∼0.2 nm are observed in the coverage range from 0.05 to 0.25 ML
(monolayer), and both the size and density of the titanium islands increase with
increasing titanium coverage. Second, layer features appear when the titanium
coverage reaches ∼0.5 ML, and distinct particles are evident up to the titanium
coverage of 1 ML. The oxidation of titanium leads to (i) a more disordered ar-
rangement of the clusters, (ii) an increase in the nanoparticle height (from ∼0.2
to 0.28–0.38 nm), and (iii) a broader size distribution (from ∼3 to 1.8–8.5 nm)
[24]. SiO2-coated iron nanocapsules are synthesized using micron-sized powders
as the raw materials. Most of these nanocapsules are spherical with a “core/shell”
type structure. The shell is amorphous SiO2 with around 10–20 nm thickness; and
the core is ferromagnetic iron. The iron core has a body-centered cubic structure
and may act as a catalyst [25]. The SiO2 shell may protect iron nanoparticles
from corrosion and oxidation.



GAS-PHASE NANOPARTICLE SYNTHESIS 39

PAr = 120 Pa(a)

PAr = 170 Pa

50 nm

50 nm

50 nm

(b)

PAr = 280 Pa(c)

FIGURE 2.6 Transmission electron images of chromium clusters produced by varying argon

gas pressure: (a) 120 Pa, (b) 170 Pa, and (c) 280 Pa. The argon gas flow rate is constant at

1.0 × 10−5 m3 s–1 [20]. (Reprinted with permission from Yamamuro S, Sumiyama K, Suzuki

K. Monodispersed Cr cluster formation by plasma-gas-condensation. J App Phys 1999;85:483–

489, Copyright 1999, American Institute of Physics.)

2.3.1.2 Chemical Vapor Synthesis When single component raw material
used in physical vapor synthesis is replaced by chemical compounds, or different
vapors are introduced to participate in reactions, the process evolves into chemical
vapor synthesis. Chemical vapor synthesis has reaction(s) proceeding the nucle-
ation and growth of nanoparticles from the vapor-phase precursors (Fig. 2.8). In
chemical vapor synthesis, gas-phase reactions and particle formation take place
at high temperatures under nonequilibrium conditions. The process is mainly
concerned with vapor-phase chemical reaction, nucleation from supersaturated
vapors to form particles, particle growth by vapor condensation and/or hetero-
geneous chemical reactions, coagulation by particle–particle collisions induced
by their Brownian motion, and coalescence or sintering between particles. It is
possible to create fine particles with a wide size range, such as 5–200 nm. Just
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(a) (b)

(c) (d)

FIGURE 2.7 Scanning tunneling microscopy images illustrating the morphological changes

of titanium clusters on Au(111) due to oxidation and subsequent annealing. (a) Well-ordered

arrays of titanium clusters after physical vapor deposition of 0.1 ML titanium at 300 K onto

reconstructed Au(111) surface. (b) Subsequent oxidation of the titanium clusters by oxygen

exposure (5 × 10−5 mbar for 200 s) at 300 K leading to disordering and growth of the

particles. Faceted TiO2 crystallites are observed after annealing to 600 K (c) and 900 K (d),

respectively (10 minutes at each temperature). Details of the herringbone reconstruction and

the “turns” around the oxide particles are shown in the insets. The images correspond to an

area of 200 × 200 nm2 (a–c) and 160 × 160 nm2 (d). The insets correspond to an area of

40 × 40 nm2 [24]. (Reprinted with permission from Biener J, Farfan-Arribas E, Biener M,

Friend CM, Madix RJ. Synthesis of TiO2 nanoparticles on the Au(111) surface. J Chem Phys

2005;123:094705, 6pp., Copyright 2005, American Institute of Physics.)

as for physical vapor synthesis, a carrier gas, often argon or nitrogen, transports
the evaporated precursors through a heated reaction zone. A tubular furnace with
temperatures up to 1500 K may be used as a heat source. Chlorides, carbonyls,
and metal organic compounds are often used as precursors. Chemical reactions
may leave some traces behind that might be dissolved in the matrix of particles
or adsorbed on the particle surfaces, which should be avoided for high-purity
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FIGURE 2.8 Illustration of chemical vapor synthesis process. (For a color version of this

figure, see the color plate section.)

nanoparticle synthesis. Low synthesis temperatures lead to extremely fine, fluffy,
and in most cases, glassy nanoparticles. Nucleation of oxide species is virtually
instantaneous due to the very rapid oxidation and high concentration(s) of the
precursor vapors, and only the physical coalescence determines the final particle
size and morphology. When the particle size is very small, it is generally as-
sumed that whenever two spherical particles collide they form a larger particle;
that is, coalescence is instantaneous. This is mainly due to an enhanced surface
diffusion coefficient for clusters only a few nanometers in size. However, as the
particles grow larger, this assumption fails, since the particle coalescence is no
longer “instantaneous.” Thus, beyond a critical size the particles stop growing by
instantaneous coalescence and fractal-like aggregates begin to form.

Magnetic cobalt nanoparticles are synthesized by a chemical vapor decompo-
sition method using cobalt carbonyl (Co2(CO)8) precursor as the source under
a flowing inert gas atmosphere [26]. When the carrier gas is argon, spherical or
long-string particles with the coexistence of face-centered cubic and hexagonal
close packing structures are obtained. When the carrier gas is helium, cobalt
metallic cores distribute in CoO and only face-centered cubic structure forms
(oxidation is severe). Iron nanoparticles are synthesized by the pyrolysis of iron
pentacarbonyl (Fe(CO)5) under argon or helium atmosphere. The synthesized
nanoparticles consist of core/shell-type structure comprised of metal core and
oxide shell with a nearly spherical shape and 6–25 nm mean diameter. Average
particle size increases and size distribution becomes wider and more asym-
metric with increasing decomposition temperature [27]. This is understandable
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because of the accelerated and overlapping nucleation and particle growth pro-
cesses. In addition to metal nanoparticles, oxide nanoparticles are also routinely
synthesized using chemical vapor synthesis. Volatile organometallic precursor
[CH3ZnOCH(CH3)2]4 (subsequently denoted “heterocubane”) decomposition in
a microwave plasma combined with a hotwall zone leads to the formation of ZnO
particles with controlled morphology, high crystallinity, and high purity [28]. The
synthesis setup and reaction temperature have substantial influence not only on
the yield but also on the crystallite size and crystallinity of the ZnO nanoparticles.
A hot-wall reactor in series with a microwave reactor helps to grow ZnO nuclei
into nanoparticles of improved crystallinity [29].

Besides simple metal and oxide nanoparticles, a thin layer of secondary species
nanoparticles can be coated on core particles. Coating of 20–40 nm Cr2O3 par-
ticles on Al2O3 particles is achieved by chemical vapor deposition in a fluidized
bed, in which a Cr(CO)6 precursor is decomposed and deposited on the surface of
Al2O3 particles. Further heat treatment in vacuum in a graphite furnace converts
Cr2O3 to Cr3C2, and Al2O3–Cr3C2 composite particles are obtained [30]. In this
case, heterogeneous nucleation and growth of the secondary phase on the surface
of existing particles is a must.

Another useful feature of chemical vapor synthesis is doping minor elements
into matrix particles, a process that is difficult to achieve through other quasi-
equilibrium processes because the synthesis path is thermodynamically unfavor-
able. The high temperature and nonequilibrium nature of the chemical vapor
synthesis process enables doping of nanoparticles with high dopant concentra-
tions. When ZnO is doped with chromium, the chromium dopant atoms are
incorporated into the wurtzite host lattice and do not form a second phase [31].
Chromium atoms reside partially on ideal and partially on distorted tetrahedral
sites (substitutional zinc sites or tetrahedral interstitial sites, or both). The atomic
level mixing during the chemical vapor reaction stage makes this doping fea-
sible in the first place. Aluminum-doped ZnO nanoparticles are synthesized by
chemical vapor synthesis, which facilitates the incorporation of a higher percent-
age of dopant atoms, far above the thermodynamic solubility limit of aluminum
[32]. In addition to metal doping of oxides, oxides can also be dopants. For
example, Al2O3 is doped into ZrO2 particles by chemical vapor synthesis using
a variable, modular gas flow reactor. Three different ZrO2/Al2O3 nanoparti-
cles result: single-phase particles formed by doping ZrO2 with Al2O3, coated
particles, and composite consisting of mixed nanoparticles of Al2O3 and ZrO2

[33]. ZrO2 nanoparticles doped with up to 50 mol% Al2O3 are prepared. Dop-
ing with Al2O3 decreases the fraction of monoclinic ZrO2 phase and stabilizes
tetragonal or cubic ZrO2 phase, forming different ZrO2/Al2O3 solid solutions.
Tetragonal ZrO2 solid solution is obtained in the as-synthesized nanoparticles
doped with 3 and 5 mol% Al2O3, whereas cubic ZrO2 solid solution is formed
in the nanoparticles with 15 mol% Al2O3. ZrO2 nanoparticles with higher Al2O3

content (30 and 50 mol% Al2O3) are amorphous and crystallize during anneal-
ing, forming single-phase tetragonal ZrO2 at 800◦C and a mixture of tetragonal
ZrO2 and γ -/η-Al2O3 at 850◦C, respectively. The formation of metastable solid
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solutions is possible because chemical vapor synthesis is a highly nonequilibrium
process [34].

In addition to making metal and oxide nanoparticles with flexible doping abil-
ity, chemical vapor synthesis also allows the synthesis of intermetallics, carbides,
nitrides, and composites such as SiC–BN [35] and α-Al2O3-TiN [36]. The ca-
pability to produce uniformly mixed particles of different compositions is an
added advantage. Particles typically have a high crystallinity and a low defect
density. TiAl3-containing aluminum nanoparticles are prepared by a chemical
vapor synthesis process using AlCl3 and TiCl3 as precursors and magnesium as
the reducing agent. The resulting particles are spherical with the average size
in the range of 10–50 nm [37]. Nano-sized WC–Co composite particles, which
sometimes contain W2C or tungsten phase, are produced by reacting vaporized
chlorides (WCl6 and CoCl2) with methane–hydrogen mixtures. The particle size
is <70 nm [38]. Highly crystalline AlN nanoparticles are synthesized at over
900◦C by chemical vapor reaction in an AlCl3–NH3–N2–H2 system. The starting
material is gasified AlCl3, generated using a preheating system. AlCl3 gas is
transported to a tube furnace in the NH3–N2–H2 atmosphere:

AlCl3(g) + 4NH3(g) → AlN(s) + 3NH4Cl(s). (2.23)

NH4Cl can be washed away with water or anhydrous ethanol. The average size
of the spherical AlN particles decreases from 250 to 40 nm with increasing re-
action temperature [39]. The particles are porous and have a specific surface
area of 80 m2 g−1. Crystalline WS2 nanoparticles are synthesized by decom-
posing W(CO)6 over sulfur vapor in an inert gas flow, which leads to a direct
reaction between as-formed pure tungsten nanoclusters and sulfur vapor. The
produced nanoparticles have a spherical shape with a mean size in the range
of 20–70 nm [40].

Chemical vapor synthesis has considerable flexibility in producing a wide
composition range of nanoparticles using a wide variety of precursors. The key
advantages of the process are the homogeneity of the composition at atomic or
molecular level, the ease of doping various elements in one synthesis step, and
a well-defined reaction zone in which temperature, pressure, and mass flow are
controllable and reproducible.

2.3.1.3 Laser Ablation When a pulsed laser beam is used as a source of
energy, the nanoparticle synthesis approach is called laser ablation. The general
process is illustrated in Figure 2.9. This process can use both metals and oxides
as precursors. During the laser ablation, high-power laser pulses are focused on
the surface of the precursor target to evaporate the material at more than 1300 K.
A supersonic jet of evaporated materials (plume) is ejected perpendicularly to the
target surface and expands into the gas space above the target. Within the plume,
there is a supersaturated vapor favoring the formation of particles. Immediately
after the laser pulse, the temperature in the plume can be 3800 K or more. During
the adiabatic expansion of the plume, the temperature decreases. The formed
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FIGURE 2.9 Illustration of laser ablation process. (For a color version of this figure, see the

color plate section.)

particles are transported by a continuous stream of the carrier gas to a powder
collector. Due to the rapid evaporation of the precursor(s) in the high-power laser
pulse, the stoichiometry of even a complex, mixed target can be preserved in the
vapor phase. As the duration of the supersaturated condition is limited by the
adiabatic expansion of the plume, the gas pressure in the reaction vessel plays a
critical role in particle nucleation and growth. At a low gas pressure, the plume
expands very rapidly and the concentration of the reactive species in the plume
decreases very rapidly, which effectively limits the particle growth. The higher
the supersaturation, the smaller the nucleus size required for condensation. This
leads to a large number of nuclei and a small particle size.

During the laser ablation, small clusters and particles are either directly emitted
from the target surface or formed as a result of condensation in the decaying
plume. Generally, condensation leads to the formation of particles composed of
several tens or more (up to several thousands) atoms/molecules. Particles begin
to grow after a decrease in temperature during the adiabatic expansion of the
plasma plume to supersaturation. Nanoparticles of complex compositions are
made possible by the laser ablation. The possibility of synthesizing new (in
particular, metastable) materials, which cannot be obtained under equilibrium
conditions, is an important advantage of pulsed laser ablation. The shape of the
nanoparticles can be controlled by adjusting the wavelength of the laser used.

Usually, the targets used for laser ablation nanoparticle synthesis are bulk
sizes, and the lasers are pulsed yttrium aluminum garnets (YAG) lasers, UV laser,
excimer lasers, or femtosecond lasers. The quality and sizes of the nanoparticles
prepared by this process are controlled by laser parameters and the densities of
the evaporation plumes. When a high-power laser density is used, the evaporation
process is more intense and the plume expands more quickly all around to lower
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FIGURE 2.10 γ -Fe2O3 nanoparticle statistics at different laser power densities with a con-

stant mixed gas of 0.18 MPa nitrogen and 0.02 MPa oxygen [44]. (Reprinted with permission

from Wang Z, Liu Y, Zeng X. One-step synthesis of γ -Fe2O3 nanoparticles by laser ablation.

Powder Technol 2006; 161:65–68, Copyright 2006, Elsevier.)

the plume density, which is favorable for generating smaller nanoparticles by
increasing the average free distance of the nuclei and reducing the collision time
of the nuclei particles. Nanoparticle formation using short laser pulses is a well-
developed technique. Interesting nanoparticle structures with variable physical
and chemical properties can be created [41]. As the carrier gas is concerned,
higher pressure reduces the collision time of the nuclei particles and favors small
nanoparticles. Similarly, higher oxygen ratio increases not only the evaporation
rate and reaction intensity but also the gas flow velocity, which is beneficial for
obtaining smaller nanoparticles.

Micron-sized metal particles, including copper, aluminum, and silver, are
consolidated before laser irradiation by a cold isostatic press with pressures up to
a few hundred MPa. Nanoparticles are synthesized in air by ablation of micron-
sized particle compacts using a Nd:YAG laser. The degree of compaction plays
a significant role in determining the size of the produced nanoparticles [42]. A
Nd:YAG pulsed laser is used to ablate a 0.5 mm diameter iron wire in a mixed
gas flux of nitrogen and oxygen to generate α-Fe nanoparticles covered with a
shell of γ -Fe2O3 and pure γ -Fe2O3 nanoparticles at atmospheric pressure [43].
When irradiated by the pulsed laser beam, the tip of the iron wire is heated to
a very high temperature in a very short time, and intense explosive evaporation
occurs to generate the plume that contains atoms, ions, and clusters of iron,
which react with oxygen of the mixed flowing gas immediately and form many
nuclei particles. With the movement of the flowing carrier gas, the nuclei particles
collide with each other to grow and then are cooled by colliding with molecules
of the carrier gas to form nanoparticles. The mean particle size decreases with
the increase in the laser power density, the total gas pressure, and the oxygen
species, respectively. Figure 2.10 shows the γ -Fe2O3 nanoparticle size statistics
for a range of laser power densities and a mixed gas composed of 0.18 MPa N2
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FIGURE 2.11 Relationship of total pressure of the mixed gas with the mean particle size

at a laser power density of 1 × 107 W cm−2 and a fixed oxygen pressure of 0.02 MPa [44].

(Reprinted with permission from Wang Z, Liu Y, Zeng X. One-step synthesis of γ -Fe2O3

nanoparticles by laser ablation. Powder Technol 2006;161:65–68, Copyright 2006, Elsevier.)

and 0.02 MPa O2. The mean particle size decreases gradually with increasing
laser power density. Except for the laser parameters, the carrier gas pressure is
another important factor that controls the mean diameter of the nanoparticles.
According to Figures 2.11 and 2.12, the particle size of γ -Fe2O3 nanoparticles
can be controlled by varying the total ambient pressure or the partial pressure
of nitrogen or oxygen. In Figure 2.11, the mean particle size of the prepared
γ -Fe2O3 nanoparticles decreases with increasing total pressure of the mixed gases
when the oxygen pressure is kept at 0.02 MPa. Figure 2.12 displays the effect
of oxygen ratio on the mean diameter of γ -Fe2O3 nanoparticles at a fixed total
mixed gas pressure of 0.25 MPa. The mean particle size decreases rapidly with
increasing oxygen pressure. The oxygen in the mixed gas plays an important role
in synthesizing γ -Fe2O3 nanoparticles; it not only provides the reaction elements
for nanoparticle formation but also controls the particle sizes. Comparing the
mean particle size plot in Figure 2.10 with Figures 2.11 and 2.12, it can be seen
that it is more effective to adjust the particle size in a wide range by varying the
carrier gas pressure than by varying laser power density [44].

Nanostructuring of thin metal films by nanosecond UV laser pulses is used
for the production of metal nanoparticles supported on a range of different oxide
substrates, including indium-doped SnO2. This process is performed at low tem-
peratures. After exposure to a laser fluence of ∼200 mJ cm−2, a nickel film melts
and breaks up into discrete nanometer-scale hemispherical islands. The initial
film thickness and the thickness of the oxide layer on the substrate determine
the fluence required to achieve this breakup. Higher laser fluences are required
to create nanostructures for thinner nickel films. At lower fluences, the films are
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FIGURE 2.12 Effect of the oxygen ratio of the mixed gas on the mean particle size at a laser

power density of 1 × 107 W cm−2 and a fixed total pressure of 0.25 MPa [44]. (Reprinted

with permission from Wang Z, Liu Y, Zeng X. One-step synthesis of γ -Fe2O3 nanoparticles

by laser ablation. Powder Technol 2006;161:65–68, Copyright 2006, Elsevier.)

observed to perforate, but the breakup into discrete droplets is incomplete. At
fluences higher than the threshold for the breakup, no change in the nickel droplet
size distribution is observed; the defining parameter that determines the droplet
size is the film thickness. The mean particle diameter is observed to increase
as the initial film thickness increases [45]. Figure 2.13 shows images of silicon
nanoparticles deposited on a SiO2 wafer by pulsed laser ablation [46]. Silicon
nanoparticles of 4–5 nm are synthesized. The particle size distribution is reduced

(a) (b) (c)

FIGURE 2.13 Images of silicon nanoparticles deposited on a SiO2 wafer. (a) Scanning

electron image of silicon nanoparticles by pulsed laser ablation without a voltage bias. (b)

Transmission electron (plain-view) image of silicon nanoparticles by pulsed laser ablation with

+ 300 V bias. (c) High-resolution transmission electron image of a silicon nanoparticle shown

in (b) [46]. (Reprinted with permission from Khang Y, Lee J. Synthesis of Si nanoparticles

with narrow size distribution by pulsed laser ablation. J Nanopart Res 2010;12:1349–1354,

Springer Science + Business Media, Fig. 2.)
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FIGURE 2.14 High-resolution transmission electron micrograph of a CdSe/ZnS core/shell

nanoparticle. The darker spherical core and lighter covering shell can be observed [47].

(Reprinted with permission from Gallardo I, Hoffmann K, Keto JW. CdSe & ZnS core/shell

nanoparticles generated by laser ablation of microparticles. Appl Phys A 2009;94:65–72,

Springer Science + Business Media, Fig. 3.)

by a positive voltage bias. The geometrical standard deviation of the nanoparticles
is 1.35 and the number density is 1.6 × 1012 cm−2.

When micron-sized particles are continuously ablated by a high-power KrF
excimer laser in a flowing aerosol, composite nanoparticles can be created.
CdSe/ZnS core/shell nanoparticles are prepared this way. This process can be
inverted to produce ZnS/CdSe core/shell nanoparticles. The generated core and
shell materials are crystalline. Figure 2.14 shows the crystal fringes and faceted
domains. For 10 nm radius cores, shell thickness ranges from 4 to 8 nm. Smaller
(∼2.5 nm), dark clusters have smoother shells, but crystal planes at the interface
of the core/shell structure are difficult to resolve [47].

Femtosecond laser is another powerful source that can be utilized for nanopar-
ticle synthesis. Gold and copper are irradiated under a vacuum. Only a few laser
pulses are applied to each irradiation site. Under these conditions, the size distri-
bution of nanoparticles does not exhibit a maximum and the particle abundance
monotonically decreases with size. Furthermore, two populations of nanoparticles
exist within the plume: small clusters that are more abundant in the plume front
and larger particles that are located mostly at the back. The ablation efficiency is
strongly related to the presence of nanoparticles in the plume [48].

One general problem of the laser ablation process is that a high concentration
of evaporated material gathers in the plume. In the case of an insufficiently
rapid expansion, this may lead to fractal agglomerate formation. To ensure small
nanoparticle sizes, carrier gas pressure and composition need to be considered
in order to generate a rapidly expanding plume. Complex phenomena (phase
separation, chemical reactions, and interactions with the residual gas) during the
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(a) (b)

(c)

FIGURE 2.15 SEM images of the surfaces of the films grown by femtosecond laser ablation

on (a) titanium, (b) silicon, and (c) AlN targets (fluence: 9.6 J cm−2, deposition time: 1 hour)

[49]. (Reprinted with permission from Perriere J, Boulmer-Leborgne C, Benzerga R, Tricot S.

Nanoparticle formation by femtosecond laser ablation. J Phys D 2007;40:7069–7076, IOP

Publishing Ltd.)

laser–matter interaction and plasma expansion require further study. Figure 2.15
shows the SEM images of the surfaces of the films grown by femtosecond
laser ablation on titanium, silicon, and AlN targets. Nano-sized particles are
formed. However, the particle size distribution is different and agglomeration is
evident [49].

2.3.2 Gas–Liquid Reaction

When a liquid phase and a gas phase are involved during the nanoparticle for-
mation, we group it as gas–liquid reaction process. The earliest case is spraying
aerosols (small liquid droplets) into the reaction chambers, enabling nanoparti-
cle formation upon vaporization, which can be termed flame aerosol synthesis.
Carbon black was made in ancient times using this approach. The flame reac-
tor generally consists of a primary flame that is fueled by hydrogen, methane,
or air in the burner. In addition to a gaseous or vaporized precursor, it is also
possible to directly spray liquid precursors into the primary flame. Liquid-fed
flame processes are distinguished for their flexibility in producing nanoparti-
cles of various compositions and morphologies that result in unique product
functionalities.
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FIGURE 2.16 Mechanisms of liquid- and vapor-phase pathways related to flame aerosol

process of nanoparticle synthesis [50]. (Reprinted with permission from Limaye AU, Helble JJ.

Morphological control of zirconia nanoparticles through combustion aerosol synthesis. J Am

Ceram Soc 2002;85:1127–1132, John Wiley & Sons.)

During flame aerosol synthesis, liquid feedstock is injected and atomized in
a flame where the liquid phase is evaporated. Thermochemical reactions occur
to produce fine particles. Flame aerosol synthesis has features in common with
spray drying as it combines the pulverization of the sol solution with injection
and heating in a flame. The process partially dries the aerosol droplets when
they cross the flame. Atomization of the liquid stream, characteristics of the
flame, and flame–droplet interactions are important factors to consider. Using the
flame aerosol process, high-purity nanoparticles with novel metastable phases are
made that are not accessible by conventional liquid phase or solid-state processes.
The competing vapor- and liquid-phase pathways are shown schematically in
Figure 2.16. In both cases, the first two steps are the same, regardless of whether
particles are agglomerated or unagglomerated. In the liquid-phase pathway, the
reaction of the precursors occurs in the liquid phase within each precursor droplet
[50]. As a result, agglomeration is avoided.

Flame-assisted spray pyrolysis has produced BaTiO3 nanoparticles with rel-
atively high tetragonality and controlled sizes from 23 to 33 nm in a one-step
process. The addition of urea into the precursor is the key factor for the formation
of tetragonal BaTiO3 nanoparticles; lack of urea addition leads to the formation of
submicron BaTiO3. The formation of BaTiO3 nanoparticles is believed to result
from the disintegration of submicron BaTiO3 particles with the assistance of the
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decomposition of urea present at the contacts. Also, combustion of the decom-
posed gases of urea produces additional heat, which improves the tetragonality
of BaTiO3 nanoparticles [51].

Flame aerosol synthesis can produce highly pure nanoparticles; however, ag-
glomeration is almost unavoidable when nanoparticles are generated at high
concentrations. Efforts to control agglomeration have had only limited success.
The aggravation of nanoparticle coalescence by laser beam irradiation can vary
the size, morphology, and crystalline phase of high concentration nanoparticles.
Figure 2.17 shows the evolution of SiO2 nanoparticles without CO2 laser beam
irradiation (a1–a4 and b1); the change in the particle sizes depends on laser
powers (b1, b2, b3, and b4) [52]. The first value P in the images indicates the
laser power used. The second value in the images is the distance from the burner
surface. Aggregates composed of small primary particles are seen without laser
irradiation (Fig. 2.17a3). The longer distance of the particles from the burner
surface leads to more developed particles but with fractal morphologies. Fast
coalescence of SiO2 nanoparticles is observed in Figures 2.17a4 and b1. Aggre-
gates are sintered to become more spherical particles at 19 mm (note that some
of the particles in Fig. 2.17b1 still have a nonspherical shape). When a CO2 laser
beam (3.3 mm in beam diameter) irradiates at 14 mm distance where aggregates
begin to form, the sizes of the particles captured at the same height of 19 mm
decrease monotonically and maintain a spherical shape at all laser power levels
(Fig. 2.17b1–b4).

The flame aerosol technique is one of the most scalable techniques for pro-
ducing nanoparticles, and flame generators can be conveniently configured. The
process is much simpler and more effective to generate a well-defined nanoaerosol
and to disperse a deagglomerated commercial nanopowder into an airborne sus-
pension. The main drawback is the agglomeration of nanoparticles. The other
problem is the broad distribution of particle sizes.

2.3.3 Gas–Solid Reaction

Using gas–solid reaction for nanoparticle synthesis has been rare. This is likely
because the reaction cannot be easily controlled to maintain nanoparticle sizes
due to the continuous reaction between the solid and the gas and/or the cor-
responding agglomeration. One successful example, though, is the synthesis
of hollow SiC spherical nanoparticles using a vapor–solid reaction between
carbon nanoparticles and SiO vapor generated from a mixture of silicon and
SiO2. The hollow spherical nanoparticle sizes are related to the diameters of the
pristine carbon nanoparticles. The thickness of the hollow spherical nanopar-
ticles can be controlled by the siliconization degree and carbon nanoparticle
multilayer structures. Different characterization techniques show the phase con-
version of the amorphous carbon into graphitic carbon and further into SiC
nanoparticles [53].
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(a1) P = 0 W, 13 mm 100 nm (a2) P = 0 W, 14 mm 100 nm

(a3) P = 0 W, 15 mm 100 nm (a4) P = 0 W, 17 mm 100 nm

(b1) P = 0 W, 19 mm 100 nm (b2) P = 171 W, 19 mm 100 nm

(b3) P = 571 W, 19 mm 100 nm (b4) P = 1107 W, 19 mm 100 nm

FIGURE 2.17 Transmission electron micrographs showing the evolution of SiO2 particles

with and without CO2 laser beams; the CO2 laser irradiation height above the burner surface,

hL, is 14 mm; the height where the local sampling is done above the burner surface, hp, is

19 mm [52]. (Reprinted with permission from Lee D, Choi M. Coalescence enhanced synthesis

of nanoparticles to control size, morphology and crystalline phase at high concentrations.

J Aerosol Sci 2002;33:1–16, Copyright 2002, Elsevier.)
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2.4 LIQUID NANOPARTICLE SYNTHESIS

2.4.1 Fundamental Method

Liquid nanoparticle synthesis is a well-studied area and there have been many
variations in the process. The conventional approaches can be divided into precipi-
tation, metal salt reduction, hydrolysis, solvothermal synthesis, and cryochemical
synthesis, as shown in Figure 2.18.

2.4.1.1 Precipitation Aqueous precipitation is one of the earliest techniques
in nanoparticle synthesis. The technique is simple, inexpensive, and can be used to
synthesize single or multicomponent nanoparticles. The process generally starts
with a solution of metal salts, such as alkoxides, nitrates, or chlorides. Upon the
addition of a proper reagent, precipitate forms:

Mn++nX− → MXn. (2.24)

Under supersaturation, the precipitate nucleates and grows, which can stay as
synthesized or be dehydrated to form simple or complex nanoparticles. In a strict
sense, precipitation is mainly suited for the synthesis of oxides. A prerequisite
for aqueous precipitation is that the formed precipitates must have a very low
solubility in water. During precipitation, the kinetics of nucleation and particle
growth in a solution should be carefully adjusted to control the particle size. Once
the solution reaches a critical supersaturation for the participating species to form
particles, only one burst of nuclei should occur. Thus, it is essential to control
the precipitation factors such as the pH, temperature, and concentration of the
reactants. Organic molecules can be used to control the release of the reactants
in the solution during the precipitation process. The nanoparticle growth process
follows that discussed earlier.

ZrO2–SnO2 composite nanoparticles are prepared by heating the hydrate pre-
cursors from the co-precipitation reaction of ZrOCl2 and SnCl4 [54]. The reaction

Liquid
nanoparticle

synthesis

Precipitation

Metal salt 
reduction

Hydrolysis
Solvothermal

synthesis

Cryochemical
synthesis

FIGURE 2.18 Fundamental methods of liquid nanoparticle synthesis.
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process is simple but difficult to control. SrRuO3 perovskite is synthesized by
co-precipitation of Sr(NO3)3 and RuCl3·xH2O. The particle size calculated from
X-ray diffraction measurements is 42.2 nm [55]. Nanoparticles of single spinel
phase Co1-xZnxFe2O4 + γ with a mean size of 3–23 nm are synthesized by the co-
precipitation method followed by a thermal treatment [56]. Ce1-xZrxO2 nanoparti-
cles (x = 0–1) are synthesized by hydroxide co-precipitation of a mixed precursor
solution of cerium ammonium nitrate ((NH4)2Ce(NO3)6) and zirconyl chloride
(ZrOCl2), followed by sonication redispersion in an aqueous medium using ni-
tric acid [57]. The obtained nanoparticles are highly concentrated, stable for
weeks, and have a particularly narrow particle size distribution with an aver-
age particle size of about 3.5 nm for CeO2 nanoparticles and 2.5 nm for ZrO2

nanoparticles. Co–Fe-based complex oxide nanoparticles are also formed using
co-precipitation [58]. An average particle size between 10 and 15 nm is obtained.
The nanoparticle size is controlled by stirring speeds and no apparent change
in the standard deviation is observed. The desired results are attributed to the
effective diffusion during the nanoparticle formation and growth under turbulent
stirring.

CoFe2O4 ferrite nanoparticles of spinel structure are prepared by a modified
chemical co-precipitation route (Fig. 2.19). The particles are spherical with diam-
eters ranging from 20 to 30 nm. The Curie temperature (the temperature at which
a ferromagnetic or a ferrimagnetic material becomes paramagnetic on heating)
of the nanoparticles in the process of increasing temperature is slightly higher
than that in the process of decreasing temperature. This can be understood by
the fact that heating changes Co2 + ion redistribution in tetrahedral and octa-
hedral sites. The coercivity of the synthesized CoFe2O4 nanoparticles is lower
than the theoretical values, which can be explained by the mono-domain struc-
ture and a transformation from ferrimagnetic to superparamagnetic state [59].
Monodispersed FeCo nanoparticles of 20 nm size are synthesized with borohy-
dride as a reducing agent by the co-precipitation method in an aqueous solution.
The composition and size of the FeCo nanoparticles are controlled by the mo-
lar ratio of the starting material, the reaction time, and the precipitation rate.
To obtain crystalline nanoparticles, amorphous FeCo nanoparticles need to be
annealed [60].

SiO2–CaO–P2O5 ternary bioactive glass–ceramic nanoparticles are prepared
via the combination of sol–gel and co-precipitation processes. Precursors of
silicon and calcium are hydrolyzed in an acidic solution and gelated in an al-
kaline condition along with ammonium dibasic phosphate ((NH4)2HPO4). Gel
particles are separated by centrifugation, followed by freeze-drying and calci-
nation. The reaction temperature plays an important role in the crystallinity of
the nanoparticles. The glass–ceramic particles synthesized at 55◦C include about
15% crystalline phase, while at 25◦C and 40◦C, entirely amorphous nanoparticles
are obtained [61].

For quantum dot (QD) synthesis, the most popular and successful aqueous
method is arrested precipitation, which has been used to synthesize a wide range
of semiconductor nanoparticles, including CdS, CdSe, CdTe, and HgTe. For
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(a) (b)

(c) (d)

100 nm

10 nm

FIGURE 2.19 (a) Scanning electron image of as-prepared CoFe2O4 ferrite nanoparticles,

(b) energy-dispersive spectroscopy result of the CoFe2O4 particles, (c) transmission electron

image of one CoFe2O4 particle, and (d) selected area electron diffraction pattern of the CoFe2O4

particles [59]. (Reprinted with permission from Zi Z, Sun Y, Zhu X, Yang Z, Dai J, Song W.

Synthesis and magnetic properties of CoFe2O4 ferrite nanoparticles. J Magn Magn Mater

2009;321:1251–1255, Copyright 2009, Elsevier.)

example, cadmium perchlorate (Cd(ClO4)2·6H2O) is dissolved in water and hy-
drogen selenide (H2Se) gas is supplied [62]. Replacement reaction yields CdSe
nanoparticles in the solution. Additives such as phosphates, amines, and thiols
need to adsorb onto the QD particle surface right away to protect the QDs,
enhance their suspension in water, stabilize the reaction, and control QD size
growth, resulting in reasonably bright and narrow photoluminescence emission
in their use.

For precursors that are unstable in an aqueous solution or synthesis processes
that are difficult to control the rate of precipitation, a nonaqueous solvent is of-
ten used as the counterpart of an aqueous solvent. Semiconductor nanoparticle
synthesis serves as good examples in this regard. Nonaqueous precipitation of-
fers excellent crystallinity, monodispersity, and high-purity nanoparticles. It can
also be particularly advantageous when precipitating dissimilar nanoparticles
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that cannot be simultaneously precipitated from an aqueous solution due to large
variations in the pH values necessary to induce precipitation of the constituting
cations. The disadvantages for nonaqueous precipitation include use of expensive
and sometimes toxic organics, sensitivity to moisture, and complicated experi-
mental setups. These factors often act as barriers for nanoparticle synthesis of
large quantities.

PbSe nanoparticles are prepared by chemical reaction between lead-
cyclohexanebutyrate (Pb–cHxBu) and selenium precursors. A stock solution is
prepared by dissolving the precursors in a tributylphosphine (TBP, C12H27P)
solution at room temperature under standard inert conditions in a glove box. A
mother solution of trioctylphosphine oxide (TOPO) surfactant is placed under
inert conditions (with argon flow) at 150◦C. Then, the stock solution is injected
rapidly into the mother solution, followed by an immediate drop of the temper-
ature to 118◦C for the reaction to proceed. A reaction time of 10–60 minutes
leads to the formation of monodispersed spherical polycrystalline PbSe particles
of 50–500 nm in diameter [63]. Figure 2.20 shows images of PbSe at different
synthesis time and precursor ratios. The crystallinity is well defined. The non-
aqueous solution conditions prevent the QD oxidation. TOPO acts as the capping
agent after the QD formation to suspend particles and prevent corrosion. For
oxide nanoparticle synthesis, CeO2, ZrO2, and ZnO are formed using soluble
cerium, zirconium, or zinc salts in decan-1-ol, undecan-1-ol, and ethane-1,2-diol
[64]. When the solution becomes supersaturated with the constituting species
of the oxides, nucleation and growth of oxide particles occur. Only those metal
salts whose dissociation temperature or decomposition temperature is less than
or equal to the reflux temperature of the solvent are effective. Ferrite nanopar-
ticles are prepared by nonaqueous precipitation of a homogeneous solution of
stearic acid and iron (III) nitrate. The particles have an average size of ∼9 nm
even though they are agglomerated [65]. Taking advantage of the increased sol-
ubility of formed nanoparticles at elevated temperatures, small particles may be
redissolved and the particle size distribution may be narrowed. This is the well-
known Ostwald ripening process. However, the average particle size increases
subsequently.

Bis(2-hydroxy-1-naphthaldehydato) manganese(II) ([Mn(HNA)2]) complex is
used in the presence of oleylamine (C18H37N) as both a surfactant and a solvent to
synthesize manganese oxide (Mn3O4) nanoparticles [66]. The obtained Mn3O4

nanoparticles have a tetragonal structure with an average size of 9–24 nm. The
surfactant also plays an important role in lowering the reaction temperature. A
diagram illustrating the formation of Mn3O4 nanoparticles is given in Figure 2.21.
First, Mn(OOCCH3)2·4H2O is dissolved into methanol to form a homogeneous
solution. Then, 2-hydroxy-1-naphthaldehyde (HNA) dissolved in methanol is
added dropwise into the above solution under magnetic stirring. The solution is
refluxed at 60◦C for about 2 hours, and then heated up to 160◦C for 60 min-
utes. After this the temperature is increased to 260◦C for 60 minutes of aging.
The obtained brown precipitate is centrifuged and washed with ethanol several
times. The same approach can be used for SnO2 and ZnO synthesis [67, 68]. For
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FIGURE 2.20 High-resolution transmission electron image of a cubic-shaped indi-

vidual PbSe nanoparticle, using 0.25:0.6:50 mass ratio of Se/lead-cyclohexanebutyrate/

tributylphosphine precursors at 118◦C, with a reaction time of about 5 minutes (a). High-

resolution scanning electron images of PbSe nanoparticle assembly prepared with 0.5:1:50

mass ratio of Se/lead-cyclohexanebutyrate/tributylphosphine precursors at 150◦C, with a re-

action time of (b) 10, (c) 25, and (d) 40 minutes. (e) Representative selected area electron

diffraction pattern of spherically shaped nanoparticle assemblies. (f) Plot of the spherical

PbSe assembly diameter versus the reaction time (minutes) [63]. (Reprinted with permission

from Sashchiuk A, Amirav L, Bashouti M, Krueger M, Sivan U, Lifshitz E. PbSe nanocrys-

tal assemblies: synthesis and structural, optical, and electrical characterization. Nano Letters

2004;4(1):159–165, Copyright 2004, American Chemical Society.)
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FIGURE 2.21 Schematic diagram illustrating the formation of Mn3O4 nanoparticles [66].

(Reprinted with permission from Davar F, Salavati-Niasari M, Mir N, Saberyan K, Mon-

emzadeh M, Ahmadi E. Thermal decomposition route for synthesis of Mn3O4 nanoparticles

in presence of a novel precursor. Polyhedron 2010;29:1747–1753, Copyright 2010, Elsevier.)

(For a color version of this figure, see the color plate section.)

SnO2, [bis(2-hydroxy-1-naphthaldehydato) tin(II)] precursor is used in the pres-
ence of oleylamine (C18H37N). This precursor has steric hindrance, and therefore,
cosurfactants are not needed for size control. The as-synthesized SnO2 nanopar-
ticles show tetragonal phase without other impurities and the particle size is
1.5–4 nm. [Bis(acetylacetonato) zinc(II)] has been used as a precursor to prepare
ZnO nanoparticles of 12–20 nm. Different combinations of triphenylphosphine
(C18H15P) and oleylamine (C18H37N) are used as surfactants to control the parti-
cle size. The synthesized ZnO nanoparticles have a hexagonal zincite structure.

The advantage of the precipitation process is that it is straightforward and a vast
variety of nanoparticles can be made. However, there are several disadvantages
for the technique. One is different rates of precipitation for different components,
which can result in deviation from homogeneous precipitation. Suitable condi-
tions must be obtained so that the precipitation can take place at desired rates.
Also, synthesized nanoparticles are usually amorphous if the process occurs at or
near room temperature. Hydroxides or carbonates can precipitate from the solu-
tion and have to be removed by postsynthesis thermal processes. If the synthesis
is a nonaqueous process, expensive or even toxic precursors and stabilizers are
often involved. To effectively control nanoparticle sizes, controlled release of the
precipitating ions is often necessary.

2.4.1.2 Metal Salt Reduction During nanoparticle synthesis, metal salt
reduction can be expressed as

Mn++ne− → M. (2.25)

There must be a corresponding oxidation process of some species X, such that

Xm − ne− → Xm−n. (2.26)
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Whether the redox reaction (chemical reactions in which atoms have their ox-
idation number (oxidation state) changed) takes place or not relies on whether
the standard electrode potential of the metals/ions is higher than that of the other
redox pair. In order for the electron transfer to occur, the free energy change
for Equations (2.24) and (2.25) to occur simultaneously, �G, must be favorable.
The species present in the solution have an impact on the resulting nanoparticles.
Metal precursor choice has a major effect on the resulting nanoparticles and their
behaviors.

Faraday was the first to systematically study phosphorous reduction of AuCl−4
in forming gold particles [62]. The approach is generally called citrate reduc-
tion method. Since then, numerous methods of metal salt reduction have been
developed. Nanoparticles of gold, platinum, and silver are prepared by reduc-
tion in their metal salts with sodium borohydride (NaBH4) in the presence of
poly(amidoamine) dendrimers in water. The dendrimer concentration required
for obtaining stable nanoparticles is dependent on the interactions between the
metal nanoparticles and the dendrimers. When the ratio of (surface group of den-
drimer)/(metal salt) is above unity, nanoparticles of gold and silver are obtained,
while stable platinum nanoparticles are only obtained above the ratio of 40/1 [69].
Gold nanoparticles in the 1.5–4.0 nm range are obtained and their size decreases
with increasing concentration of the dendrimers and the generation rate of the
dendrimers. Similarly, platinum nanoparticles with a diameter of 2.4–3.0 nm are
obtained, but their size is insensitive to the concentration or type of the dendrimer.
Apparently, the dendrimers have reconfigurable attachment to the gold particles
but not to the platinum particles.

For the synthesis of palladium nanoparticles with mean sizes from 1.5 to
15 nm [70], the particle size is controlled by the concentrations of the stabilizing
polymer and precursor salt, the reduction temperature, as well as the initial pH
of the solution. Understandably, lower temperature and higher pH lead to the
formation of smaller particles. Again, the relative nucleation and particle growth
rates are the decisive factors in determining the particle size and dispersion. On
a different note, competing nucleation(s) should be avoided in order to obtain
pure and desired nanoparticles. Gold–silver alloy nanoparticles are synthesized
via reduction in HAuCl4 and AgNO3 by NaBH4 in the presence of sodium citrate
(Na3C6H5O7) [71]. The solution concentrations need to be carefully controlled
to avoid the precipitation of AgCl during the reaction.

High-temperature reduction in metal salts in the presence of stabilizing agents
can be employed to produce transition metal nanoparticles (cobalt, nickel) that do
not crystallize well at room temperature. For example, ferromagnetic nanoparti-
cles are obtained by reduction of metal salts with aqueous sodium or potassium
borohydride. A good review on this is available and will not be detailed here [72].
Polymer stabilizer can be used to form a monolayer on the surface of nanopar-
ticles to prevent fast nanoparticle growth, Ostwald ripening, or agglomeration.
Crystalline iron colloids with particle sizes between 5 and 20 nm are produced
by thermolysis of Fe(CO)5 in a polymer solution [73]. Cobalt nanoparticles of
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45 nm are prepared by decomposition of Co2(CO)8 at 130–170◦C under an inert
atmosphere in decalin or ethylene glycol solvent [74]:

Co2(CO)8 → 2Co(s) + 8CO ↑ . (2.27)

This technique can produce nanoparticles in a high rate. However, not all
metals can be synthesized with the metal salt reduction technique. Agglomeration
can also occur because of the high reaction rate. Therefore, choosing a proper
reducing agent so that the redox reactions take place at a desirable rate is an
important step that should be taken in advance.

Metallic alloy nanoparticles can be produced by reducing agents in organic
solvents, such as alkali metals in hydrocarbon solvents. FePt nanoparticles of
∼4 nm size are made with compositions ranging from Fe30Pt70 to Fe80Pt20 [75].
The synthesis process is fairly involved. Under air-free conditions, platinum
acetylacetonate (C15H21PtO6), 1,2-hexadecanediol (C16H34O2), and dioctyl ether
((CH3(CH2)7)2O) are mixed and heated to 100◦C; oleic acid (C18H34O2), oley-
lamine (C18H37N), and Fe(CO)5 are added; and the mixture is refluxed at 297◦C
for 30 minutes. The heat source is then removed and the reaction mixture is cooled
to room temperature. The as-synthesized FePt nanoparticles possess disordered
face-centered cubic structure and show superparamagnetic behavior. Thermal
annealing induces particle structure change and thus magnetic properties. An
annealed FePt nanoparticle assembly with a composition around Fe55Pt45 has
highly ordered face-centered tetragonal phase and yields high coercivity. PtNi
nanoparticles are synthesized air free by a similar method using acetylaceto-
nate (acac) precursors. After the synthesis, the acac ligands bind tightly with the
PtNi particles and cannot be easily removed through washing. After annealing
to nucleate the intermetallic phase, these ligands decompose into a carbona-
ceous coating, rendering the particles inactive toward formic acid (HCOOH)
oxidation [76].

Polymers can act as the nucleation sites for nanoparticles. The functionality
of the polymers influences the kinetics of the decomposition reactions and
thus the nanoparticle size. Nanostructured nickel–chromium (Ni–Cr) and
nickel–chromium carbide (NiCr3C2) of 10–18 nm are prepared [77]. The process
involves reductive decomposition of an organic solution of metal chloride precur-
sors using sodium triethylborohydride (NaBH(C2H5)3). After co-precipitation
of a nanoscale Ni–Cr mixture, low-temperature annealing is used to form
nanostructured Ni–Cr alloy particles. After that, low-temperature gas-phase
carburization is used to form nanostructured Ni–Cr3C2 cermet particles.

Metal salt reduction is well suited for metal and metal alloy nanoparticle syn-
thesis. In most cases, the synthesis is carried out at elevated temperatures and
under a reducing atmosphere. This facilitates pure, well-controlled nanoparti-
cle formation with desired crystallinity. However, the reaction process can be
complicated and the reaction by-products can be toxic.
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2.4.1.3 Hydrolysis Hydrolysis is based on promoting the deprotonation of
hydrated cations, often times by heating the solution at elevated temperatures.
For a metal M with a valence z, the reaction can be written as [78]

[M(OH2)n]z+ → [M(OH)y(OH2)n−y](z−y)++yH+. (2.28)

After hydrolysis, the precipitates often need to be calcined to obtain the final
products. Like many other synthesis processes, the nucleation and growth stages
do not lead to desired nanoparticle species. The postsynthesis treatment converts
the precipitates into the intended compositions/phases but can also introduce a
plethora of morphological and size problems.

Monoclinic ZrO2 nanoparticles are synthesized via forced hydrolysis of zir-
conyl salt solutions such as zirconyl chloride (ZrOCl2·xH2O) [79]. The nucle-
ation and growth processes of ZrO2 nanoparticles are monitored in situ, and
a first-order model is used to understand the kinetic mechanism. The predom-
inant mechanism for particle growth is the aggregation of primary particles.
ZnO nanoparticles are synthesized through hydrolysis of organic salt zinc ac-
etate ((CH3COO)2Zn·2H2O) [80, 81]. The hydroxyl groups are either provided
by bubbling a NH3–N2 mixture into the precursor, or using NaOH or LiOH.
The surface of the ZnO particles is modified to prevent particle agglomeration.
However, greater than 100 nm particles are always present.

Chromia (Cr2O3) nanoparticles are prepared by urea-forced hydrolysis in
the presence of chromium (III) nitrate using NaCl as a precipitating agent.
Polyvinylpyrrolidone (PVP) is used as a surfactant to prevent aggregation. In
the presence of PVP, nonaggregated spherical-like nanoparticles (3 ± 1 nm)
are formed, whereas in the absence of PVP, spherical-like weakly agglomer-
ated nanoparticles (85 ± 16 nm) comprised of 10 nm nanoparticle subunits are
produced. The as-formed, hydrated Cr2O3 nanoparticles are amorphous and can
be easily converted into crystalline form by heating to 400◦C for 1 hour, with
minimal particle aggregation and size reduction [82].

Fe3O4 nanoparticles are synthesized by hydrolysis in an aqueous solution
containing ferrous and ferric salts at various ratios with 1,6-hexanediamine as a
base. Ferrous to ferric ratio influences the reaction mechanism for the formation
of Fe3O4. When the ratio of ferrous to ferric ions increases, the formation of
large hydroxide particles as a precursor to Fe3O4 is promoted, which results in
an increase in the size of Fe3O4 nanoparticles. As a result, the mean diameter
of Fe3O4 nanoparticles increases from ∼9 to ∼37 nm as the molar percentage
of ferrous ions with respect to the total iron ions increases from 33% to 100%.
Figure 2.22 shows that the particle size depends on the valence of the iron species.
Namely, the use of ferrous salt alone as the source material results in the formation
of large particles (Figs. 2.22a, c), while the use of both ferrous and ferric salts
leads to the formation of fine particles (Figs. 2.22b, d). Additionally, the electron
diffraction patterns shown in the insets of Figure 2.22, each of which is attributed
to the diffraction from the crystal planes of Fe3O4, also reflect the difference in
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(a) (b)

(c) (d)

FIGURE 2.22 Transmission electron images and electron diffraction patterns of samples

synthesized with ferrous sulfate (a), ferrous and ferric sulfate (b), ferrous chloride (c), and

ferrous and ferric chloride (d) [83]. (Reprinted with permission from Iida H, Takayanagi K,

Nakanishi T, Osaka T. Synthesis of Fe3O4 nanoparticles with various sizes and magnetic

properties by controlled hydrolysis. J Colloid Interface Sci 2007;314:274–280, Copyright

2007, Elsevier.)

the particle size of the samples. Spotty electron diffraction patterns are obtained
from the samples consisting of large particles (insets of Figs. 2.22a, c), while
broad-ring patterns are obtained from the samples consisting of fine particles
(insets of Figs. 2.22b, d) [83].

As to the mechanism for the formation of Fe3O4 nanoparticles with ferrous
and ferric salts at the ratio of 1 to 2, the co-precipitation reaction represented by
Equation (2.29) is generally known, in which stoichiometric amounts of ferrous
and ferric ions react to produce Fe3O4:

Fe2+ + 2Fe3+ + 8OH− → Fe3O4 + 4H2O. (2.29)
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For the alkalization reaction of ferrous ions in regard to the formation of iron
hydroxide and iron oxide, the following is believed to be the mechanism:

Fe2+ + 2OH− → Fe(OH)2 (2.30)

3Fe(OH)2 + 1/2O2 → Fe(OH)2 + 2FeOOH + H2O (2.31)

Fe(OH)2 + 2FeOOH → Fe3O4 + 2H2O. (2.32)

In the synthesis with ferrous ions alone, Fe3O4 is formed as a result of the
dehydration reaction of ferrous hydroxide and ferric oxyhydroxide represented
by Equation (2.32), in which the latter compound is produced by the partial
oxidation of ferrous hydroxide by oxygen in dissolved air according to Equation
(2.31). In addition, the intermediates formed during the synthesis are suggested
to be ferrous and ferric hydroxides. Furthermore, during the formation of ferric
hydroxide by the partial oxidation of ferrous hydroxide according to Equation
(2.31), the ferrous hydroxide particles produced by the hydrolysis reaction of
Equation (2.30) are expected to grow in size via hydroxylation. Consequently, it
is likely that large Fe3O4 particles with ∼37 nm in mean diameter are produced
as a result of dehydration of ferrous and ferric hydroxides, which grow in size
via the hydration process [83].

Compared to the hydrolysis of metal alkoxides to be discussed later, hydrolysis
of metal salt solution has the advantage of producing a wide range of chemical
compositions, including oxides, sulfates, carbonates, phosphates, and sulfides.
However, for hydrolysis of inorganic metal salts, experimental conditions need
to be carefully controlled in order to obtain the desired particle size. Even though
theoretically it is only necessary to raise the temperature for the desired reaction
to proceed, in practice, nanoparticle synthesis conditions can be hard to con-
trol; the morphology of final particles is difficult to predict. Because of these
problems, organic salt hydrolysis is preferred. With the advancement of sol–gel
nanoparticle synthesis, simple hydrolysis of metal salt(s) to form nanoparticles is
not being actively pursued. Higher crystallinity, purity, and morphology control
of other synthesis techniques offer more attractive opportunities in nanoparticle
synthesis.

Sol–gel nanoparticle synthesis is a technique based on inorganic network
polymerization reactions and requires the hydrolysis of organic salt precursors.
A sol and a gel are involved in the process. A sol is an inorganic or polymeric
salt solution. A gel is a semirigid state when the inorganic or polymeric species
are cross-linked to form a network. The sol–gel process usually consists of four
steps: sol formation, polycondensation (polyesterification), gelation, and thermal
decomposition. Although both inorganic and organic metal compounds can be
used as starting materials, metal alkoxides are more widely used in sol–gel
synthesis. Examples of alkoxides include organometallic precursors of SiO2,
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Al2O3, TiO2, and ZrO2. In the initial step, the hydrolysis of precursors (metal
alkoxides) with water or alcohol occurs to form a sol:

M(OR)x + nH2O → M(OR)x-n(OH)n + nROH. (2.33)

Then, condensation takes place to produce a gel:

2M(OR)x-n(OH)n → (OH)n-1(OR)x-n − M − O − M − (OR)x-n(OH)n-1 + H2O

(2.34)

or 2M(OR)x-n(OH)n → (OH)n(OR)x-n-1 − M − O − M − (OR)x-n(OH)n-1 + ROH

(2.35)

The overall reaction can be expressed as

M(OR)x + x/2H2O → MOx/2 + xHOR. (2.36)

After the solution is condensed to a gel, the solvent must be removed. The
particle size, morphology, and surface chemistry are dictated by the rate of
hydrolysis, the solvent removal process, and the thermal process afterwards.

Sol–gel synthesis has been extensively studied for oxide nanoparticle forma-
tion. BaTiO3 nanoparticles of 6–12 nm size are synthesized using the sol–gel
process. Hydrogen peroxide (30% H2O2 aqueous solution) and metal alkoxide
reaction with fatty acids as ligands in phenol ether results in equimolar stoichiom-
etry [84]. BaSnO3 with a primary particle size of 40–60 nm is prepared through
hydrolysis of a barium tin isopropoxide followed by crystallization [85]. Car-
bides, nitrides, and other nonoxides can also be synthesized through this process
[86–89]. The prerequisite is that the reaction is carried out in aprotic solvents
and under an inert atmosphere. As the sol–gel synthesis technique advances, new
forms of nanomaterials have also been developed. One is BaTiO3 nanofibers,
which has been created by electrospinning of a sol–gel precursor [90]. Another is
SiC–TiC hybrid nanofiber composite [91]. Since nanofiber synthesis is not within
the scope of this book, detailed discussion of such techniques is omitted.

Sol–gel processes can be used to make composite nanoparticles based on
heterocoagulation. This is carried out by mixing the preformed nanoparticles with
a sol containing the species of interest or by direct precipitation of nanoparticles
with a sol. The composite nanoparticle size is more dependent on the step before
the sol–gel process. Examples of this approach include Au–SiO2, Co–SiO2,
Ni–SiO2, Ag–SiO2, and Si–SiO2 [92, 93]. ZrO2 nuclei of 40 nm are coated with
a 15-nm thick SiO2 glass layer in an ethanol solution using ethyl silicate [94].

Sol–gel processes can provide high purity and controllable size nanoparticles,
both single and complex oxides. For multicomponent oxides, atomic level ho-
mogeneity can be expected. The precipitation rates of different cations can be
controlled to a certain extent by adjusting sol formation conditions, such as water
content, alkoxide chain length, or temperature. The challenges are the removal of
solvent and organic compositions. As a gel is dried, the microstructure changes.
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When a liquid is present during drying, capillary forces induce a stress on the gel
that increases the coordination numbers of the particles and leads to the collapse
of the network (xerogel). This may induce agglomeration of nanoparticles. Su-
percritical drying of the solvent from a gel can avoid capillary stresses because
of the lack of solvent–vapor interfaces (aerogel). As a result, the dry gel is more
porous and open in microstructure. To obtain nanoparticles, especially to achieve
the desired crystallinity, after drying the gel needs to be calcined. Nanoparticle
growth and agglomeration during calcination is a common problem similar to
other nanoparticle synthesis approaches.

2.4.1.4 Solvothermal Synthesis Solvothermal synthesis is a method of
producing compound nanoparticles at elevated temperatures. It allows for precise
control over particle size, shape, and their distributions while facilitating the
crystallinity development of nanoparticles. These characteristics can be altered
by changing certain experimental parameters, including reaction temperature,
reaction time, solvent type, surfactant type, and precursor type. Based on the
solvent type, solvothermal synthesis can be divided as shown in Figure 2.23.

Hydrothermal synthesis is a special case of solvothermal synthesis and is
widely used to synthesize nanoparticles. As known, water has its critical point
at 374◦C and 22.1 MPa, above which it is supercritical. Supercritical water ex-
hibits the characteristics of both liquid water and water vapor. Water–nanoparticle
interface has no measurable surface tension while still having high solubilities
for the precursors for nanoparticle synthesis, thus offering high supersaturation.
Although supercritical state is sometimes used, most hydrothermal processes are
just carried out at elevated temperatures and pressures (sub-supercritical con-
ditions) that will enhance the solubility and reactivity of the reactants, which
otherwise will be very low at ambient conditions. During hydrothermal synthe-
sis, a solution of the starting materials in water is heated to >100◦C. At such
conditions, the solubilities of the dissolved species are higher than those at am-
bient conditions, thus offering a high nucleation rate. During the synthesis of
nanoparticles, reaction pressure, temperature, time, and the respective precursor-
product systems can be tuned to simultaneously obtain a high nucleation rate and
a narrow particle size distribution.

There are different types of hydrothermal synthesis, such as hydrothermal
decomposition, hydrothermal precipitation, hydrothermal hydrolysis, and hy-
drothermal metal oxidation. TiO2 is one of the most common oxides synthesized
via hydrothermal process. Rutile particles of 20 nm size are synthesized by vig-
orous stirring of titanium isopropoxide (Ti(OC3H7)4)) and nitric acid solution
[95]. The significant effects of stirring and longtime aging suggest that most of
TiO2 formation occurs during the autoclaving step. The large nanoparticle size
distribution and the formation of anatase structure in the absence of stirring are
attributed to the inhomogeneity developed in the solution. In a separate study,
tetraalkyl ammonium hydroxides ((CH3)4NOH, C16H37NO, C8H21NO) are used
as peptizing agents for the hydrothermal synthesis of nanocrystalline TiO2 [96].
The carbon chain length of tetraalkyl ammonium hydroxides has great influence
on particle size, shape, and phase transformation. Anatase phase is obtained in
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FIGURE 2.23 Solvothermal synthesis approaches and characteristics. (For a color version

of this figure, see the color plate section.)

all the samples, regardless of the peptizer used, and the particle size increases as
the peptizer cation size decreases.

Fe2O3, Co3O4, NiO, ZnO, and TiO2 nanoparticles are obtained under con-
ventional hydrothermal conditions. Hydrolysis of the corresponding metal salts
happens first, followed by dehydration and metal oxide formation, as shown in
the following equations [97]:

MLx + xOH− → M(OH)x + xL− (2.37)

M(OH)x → MOx/2 +
x

2
H2O. (2.38)
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The hydrothermal synthesis time varies from 1 second to 2 minutes. To address
the scale-up issue, a nozzle reactor may be used to mix an aqueous metal salt
stream and a supercritical water stream. A variety of nano-sized metal oxide
particles including TiO2, CeO2, ZrO2, ZnO, and CuO are synthesized using this
approach [98]. The high reproducibility and reliability show promising potentials
for further optimization. Following similar approaches, ZnFe2O4 nanoparticles
are synthesized using a hydrothermal method with Fe(NO3)3 and Zn(NO3)2 as
starting materials [99]. In an unconventional sense, a hydrothermal route is used
to produce carbon by decomposition of β-SiC in the presence of water and organic
compounds. When SiC decomposes at 200–300 MPa and 600–800◦C, SiO2 and
elemental carbon form. The yield of carbon is reduced by the excess water in the
system [100].

The advantages of hydrothermal synthesis are that the process is simple and
environmentally friendly. Compared to other techniques such as co-precipitation,
nanoparticles are directly formed by hydrothermal synthesis; no calcination or
milling is required. Hydrothermal synthesis also enables the elimination of min-
eralizers that can induce impurities into nanoparticles. Highly pure phase and
narrow particle size distribution can be obtained. However, hydrothermal synthe-
sis requires the composition be precisely determined and controlled in advance;
the materials need to be as fine and pure as possible and form a homogeneous
dispersing system.

The presence of water in hydrothermal synthesis can cause problems in syn-
thesizing nonoxide species. Using nonaqueous solvents can circumvent such
problems. Pressure vessels and temperatures above the boiling point of the or-
ganic solvents are necessary. The number of nuclei formed and the reaction rate
increase with increasing temperature, resulting in a decrease in particle size. Even
though the synthesis process can use any kind of solvent other than water, there
are generally two categories of solvents: inorganic and organic, with organic
solvents being more widely used.

For inorganic solvents, liquid ammonia (boiling point: 78◦C, critical temper-
ature: 132◦C, critical pressure: 11.4 MPa) has been used to synthesize nitrides
[101]. By utilizing the reactions of CuCl2·2H2O and NiCl2·6H2O with elemen-
tal phosphorus in ammonia liquid, nanocrystalline Cu3P and Ni2P are obtained
under mild solvothermal conditions [102]. For organic solvents, cadmium pre-
cursors such as cadmium carbonate (CdCO3), cadmium nitrate (Cd(NO3)2), and
cadmium sulfate (CdSO4) are dissolved in ethanol, tetrahydrofuran, butane-1,4-
diol, or ethylene glycol for QD synthesis [103]. To obtain spherical particles,
solvothermal temperatures must stay below 120◦C in these solvents. Cobalt-
substituted ferrite nanoparticles with diameters between 9 nm and 13 nm are
synthesized by the thermodecomposition of metal (iron and cobalt) acetylaceto-
nate in octadecene, in the presence of oleic acid and oleylamine. The use of oleic
acid and oleylamine as surfactants enables the formation of nonagglomerated
and narrowly dispersed (geometrical deviation lnσ<0.25) nanoparticles. Smaller
size particles are obtained with higher nucleation temperature and lower parti-
cle growth temperature. High temperature also favors the formation of highly
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crystalline cobalt-substituted ferrite with inverse spinel structure [104]. Mn3O4

nanoparticles and nanorods with different lengths are synthesized by using man-
ganese nitrate as the precursor material. Other metal oxide nanocrystals such as
NiO, ZnO, CeO2, CoO, and Co3O4 are also prepared by this method. Figure
2.24 shows various metal oxides with unique morphologies. Figures 2.24a and b
display the as-obtained NiO nanoflowers and ZnO triangular nanoplates with an
average size of 20 and 100 nm, respectively, when nickel nitrate and zinc nitrate
are used as the decomposition precursors separately. When cerium nitrate is de-
composed with a higher monomer concentration, at a higher temperature, and for
a shorter period of time, flower-shaped CeO2 is synthesized (Fig. 2.24c); if the
reaction conditions are changed to that of lower monomer concentration, lower
temperature, and longer time, cube-shaped CeO2 is obtained (Fig. 2.24d). By the
decomposition of cobalt nitrate, cobalt oxides with different compositions (CoO
and Co3O4) and morphologies (polyhedron and cube) are synthesized under dif-
ferent conditions. Figure 2.24e shows the transmission electron image of CoO
nanopolyhedrons, and the inset displays the obvious polyhedral structure of the
nanocrystals, while Figure 2.24f shows the transmission electron image of Co3O4

nanocubes, and the inset displays the self-assembly property of the nanocrystals
[105].

In a nonpolar version of the solvothermal synthesis, dodecanethiol (C12H25SH)
capping ligand, cadmium stearate ((C17H35COO)2 Cd), and selenium metal are
heated under a pressure in tetralin (C10H12). Tetralin converts to naphthalene
(C10H8), producing a necessary hydrogen selenide precursor. The resulting CdSe
QDs suspend well in toluene and other nonpolar solvents. The nanoparticles are
about 3 nm in average diameter even though the size distribution is rather wide.
In the meantime, other organometallic routes have been developed to form CdSe
QDs and then extended to CdTe; the solvent is generally TOPO. In a typical
synthesis process for the steric acid/TOPO/CdO system, CdO is dissolved in
TOPO at >300◦C, while selenium metal dissolves in TOPO at room temperature.
Once the selenium solution is injected into the hot CdO solution, the nanoparticle
nucleation and growth typically proceed at ∼300◦C.

Solvothermal synthesis has several advantages over aqueous synthesis. First,
nucleation is abruptly shut off and does not continue during the growth stage,
which helps to maintain a narrow size distribution. At the higher temperatures
allowed by organometallic synthesis, reaction rates are faster and crystallinity is
generally higher. There is also more thermal energy to help each add-atom find
more energetically favorable bonding positions in the crystal lattice, thus reducing
defects. The particle size is mostly monodispersed, and the particle shape is well
defined. The challenges for solvothermal synthesis remain in exact control of
synthesis atmosphere, toxic species involved, and expensive starting materials.

Ionic liquids, including ambient temperature molten salts, provide an excel-
lent medium for the formation and stabilization of metal nanoparticles, enabling
the preparation of nanoparticles without any stabilizing additives or capping
molecules. Such favorable environments are in contrast to the nanoparticle prepa-
ration in aqueous or conventional organic solvents, which inevitably requires the
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FIGURE 2.24 Transmission electron images of metal oxide nanocrystals: (a) NiO nanoflow-

ers, (b) ZnO triangular nanoplates, (c) CeO2 nanoflowers, (d) CeO2 nanocubes, (e) CoO

nanopolyhedrons, and (f) Co3O4 nanocubes [105]. (Reprinted with permision from Wang D-S,

Xie T, Peng Q, Zhang S-Y, Chen J, Li Y-D. Direct thermal decomposition of metal nitrates in

octadecylamine to metal oxide nanocrystals. Chem Eur J 2008;14:2507–2513, John Wiley &

Sons.)
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addition of stabilizing agents, such as thiols, amines, or polymers, to prevent the
agglomeration and coalescence of particles synthesized. Iridium nanoparticles
with 2.0 nm size are prepared from cod 1/41,5-cyclooctadiene [IrCl(cod)]2 in
butylmethylimidazolium hexafluorophosphate (BuMeImPF6) in hydrogen atmo-
sphere (4 atoms) at 75◦C [106]. The same method is applicable to the preparation
of rhodium nanoparticles (2.3 nm) from RhCl3. Reduction in HAuCl4 by CO
in 1-butyl-3-methylimidazolium tetra–uoroborate (BuMeImBF4) produces gold
nanoparticles; the size changes from 1.7 to 12.8 nm with the increment of the
amount of water. Overall, smaller particle size and narrower particle size distribu-
tion are obtained than through other approaches. Since ionic liquids themselves
are still being studied, nanoparticle synthesis relying on ionic liquids is not
widespread.

2.4.1.5 Cryochemical Synthesis Chemical techniques using low temper-
ature as a key operating parameter are classified as cryochemical synthesis. In
most cases, aqueous solutions are used even though organic solvents such as ben-
zene or toluene are also options. Low temperature is mainly used after precursor
mixing for solidification of the dispersing system (gelation or simple freezing).

Many of the cryochemical syntheses are based on the fast cooling of solutions
and mostly achieved by freezing in liquid nitrogen (freezing rates over 10 K s−1)
to prevent separate crystallization of the compositions involved [107]. Controlled
cooling of the mixing systems is also used at modest temperatures such as a
few degrees below the freezing point of the system. The general process of
cryochemical synthesis is shown in Figure 2.25. For nanoparticle synthesis, the
first step is formation of a precursor solution containing the compositions of the
targeted material in a stoichiometric ratio. This solution can then be sprayed into
a low-temperature liquid such as liquid nitrogen by a pneumatic or ultrasonic
nozzle. Cryochemical synthesis also involves the elimination of frozen water
by physical or chemical means. To maintain the homogeneity of the system,
special attention should be paid to the solvent removal step. Under the cryogenic
conditions, the liquid is removed and the solid phase is obtained. Because of the
low-temperature nature of the process, amorphous and intermediate phases are
often the case at the freezing condition and further thermal treatment is needed to
convert these intermediates into final crystalline nanoparticles. When the reactant
contents are low, the domains tend to have the same size, which leads to a narrow
particle size distribution.

Silver nanoparticles stabilized by poly(2-dimethylaminoethyl methacrylate)
are synthesized by the cryochemical method [108, 109]. Sols prepared with
cryochemically synthesized silver nanoparticles in different dispersion me-
dia (water, acetone, and toluene) are sterically stabilized by polymer layers.
The thickness of the polymer layer depends on the nature of the solvents.
Bimetallic Ag–Pb nanoparticles <5 nm in size are synthesized using the same
technique [110].

More often, a cryochemical process is used as a step to remove the sol-
vent while maintaining the homogeneous mixing of a more complex system.
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FIGURE 2.25 Illustration of the cryochemical synthesis process. (For a color version of this

figure, see the color plate section.)

ZnO nanoparticles are synthesized by rapid freezing of a sprayed Zn(NO3)2

precursor solution, drying under vacuum by sublimation of the solvent, and
heating the salt, which decomposes into the oxide [111]. YAGs by hydroxide co-
precipitation are realized using the cryochemical process. Complete replacement
of yttrium by ytterbium and synthesis of limited solid solutions (NdxY1–x)3Al5O12

with 19 mol% Nd2O3 maximum solubility are possible. The use of these syn-
thetic methods has obvious advantages as they provide considerable decrease
in the synthesis temperature (such as from 1800◦C to 950◦C) and duration and
give more homogeneous and finely dispersed compositions [112]. Nano-sized
(2–8 nm) amorphous powders of ZrO2 and HfO2 solid solution are synthesized
through co-precipitation from + 20◦C to −6◦C, which results in a size decrease
in gel agglomerates from 30 to 1 µm and thus also enables the achievement
of smaller final nanoparticle size. The crystallite size for the recrystallization at
500–1200◦C does not exceed 25 nm [113]. The shortcoming is the time required
to remove the ice from the frozen droplets.

Since freeze-drying is time consuming, cryoextraction has been developed
as an alternative for solvent removal. The product formed from cryochemical
synthesis is put in an organic solvent at low temperatures. The original solvent
dissolves into the organic solvent, but the salt is not changed. The intact salt can
be further processed to obtain nanoparticles.
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Due to its low-temperature nature, cryochemical synthesis is an ideal tech-
nique to synthesize those species that have only a fleeting existence because
of their high reactivity and instability at higher temperatures. Nonetheless, cry-
ochemical processes are more often used as an intermediate state of nanoparticle
synthesis. It is very rare to directly obtain nano-sized crystalline particles by this
method alone.

2.4.2 Confinement Method

2.4.2.1 Spray Pyrolysis As indicated earlier, it is challenging to control
the stoichiometry of multicomposition nanoparticles. As an alternative, spray
pyrolysis can be used to avoid phase separation and improve the homogeneity at
the molecular level. Spray pyrolysis is a droplet-to-particle process, in which a
solution of precursors serves as the starting material and is misted into droplets
that are carried by gas into a hot zone where they are rapidly heated and decom-
posed to form nanoparticles (Fig. 2.26). The chemical precursors decompose into
solid species and the unwanted waste evaporates away. It is widely assumed that
one droplet forms one particle. The average size of the particles can be roughly
determined from the droplet size and the concentration of the sprayed solution.
Sometimes, liquid-only synthesis cannot produce desired nanoparticle sizes or
compositions. Pyrolysis offers control over the reaction process by forming small
droplets or enabling removal of organic groups in the precursors.

FIGURE 2.26 Illustration of the spray pyrolysis process. (For a color version of this figure,

see the color plate section.)
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A silver–fatty acid complex is heated at 250◦C in a nitrogen atmosphere to
make stable, monodispersed silver nanoparticles. The mean particle diameter is
4.7 nm, and the standard deviation is 0.6 nm. The particle surface is coated by the
fatty acid, which prevents particle agglomeration even after repeatedly dissolving
them in a solvent and evaporating. However, the coating can be easily removed
by heating at 210◦C in one atmosphere of air [114]. TiO2 nanoparticles are made
by thermal decomposition of titanium tetraisopropoxide using a tubular electric
furnace at various synthesis temperatures (700–1300◦C) and titanium tetraiso-
propoxide heating temperatures (80–110◦C). An increase in synthesis temper-
ature results in an increase in anatase crystallite size, and the anatase to rutile
phase transformation occurs at ∼1300◦C. In addition, an increase in the titanium
tetraisopropoxide heating temperature leads to narrower and higher X-ray diffrac-
tion peaks, indicating an increased particle size and improved crystallinity [115].

Magnetic nanocomposites consisting of spherical iron oxide (Fe2O3) particles
of around 13 nm size dispersed in a mullite (3Al2O3·2SiO2) matrix are obtained
by spray pyrolysis at 600◦C. The process starts with an aerosol generated from
a solution of tetraethyl orthosilicate (TEOS) and iron and aluminum nitrates
(Fe(NO3)3·9H2O, Al(NO3)3·9H2O) in methanol. The nanocomposite preserves
its magnetic character up to 1400◦C. This improvement is believed to come from
Fe2O3 particles being separated by mullite, thus avoiding sintering and phase
transformation [116]. More recently, nickel oxide–silica (NiO-SiO2) and nickel–
silica (Ni-SiO2) nanocomposites are prepared by spray pyrolysis of aqueous sols
of SiO2 nanoparticles containing nickel nitrate hexahydrate (Ni(NO3)2·6H2O)
without and with ethanol, respectively. During spray pyrolysis, SiO2 nanoparti-
cles are restructured, losing their identities, while the NiO or nickel particles in
the composites grow by coalescence and sintering [117]. A Zr-modified poly-
carbosilane is obtained by reacting a zirconium alkoxide with a polycarbosilane.
The new preceramic polymer is nitridated in flowing ammonia at >1300◦C to
form ZrO2–Si3N4 nanocrystalline composite [118].

Nanoparticle synthesis can be conducted in liquid salt at elevated temper-
atures. The precursors dissolve, undergo reactions, and produce nanoparticles.
The salt solvent remarkably enhances mass transfer. Within an aerosol particle,
the dissolution–precipitation cycle can lead to the dissolution of some nanocrys-
tallites and the growth of other crystallites by precipitation. This may break up the
three-dimensional network and disintegrate the original nanocrystallites. Mean-
while, the solvent can “wet” the nanocrystallite surfaces, which may aid in the
dispersion of the new nanocrystallites in the solvent. Dispersed nanoparticles are
thus obtained after removing the solvent [119].

In addition, salt-assisted spray pyrolysis can separate nanoparticles inside a
droplet by introducing compounds that distribute on the nanoparticle surfaces to
prevent agglomeration. Nanoparticles such as nickel, Ag–Pd, CdS, ZnS, LiCoO2,
and La0.8Sr0.2Ni0.5Co0.5O3-x synthesized by this method require no further thermal
processing for crystallinity [119]. Figure 2.27 shows two Y2O3–ZrO2 samples,
one synthesized using the conventional aerosol decomposition and the other using
the salt-assisted aerosol decomposition [119]. The spherical and dense submicron
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(a) (b)

(c) (d)

FIGURE 2.27 Y2O3–ZrO2 samples synthesized by the conventional aerosol decomposition

process (a,b) and the salt-assisted decomposition process (c,d). (a,c) Scanning electron images

of the samples before washing and (b,d) transmission electron images after washing. Note

that the unwashed salt-assisted decomposition particles (c) are larger than the unwashed

conventional aerosol decomposition particles (a) due to the presence of salts [119]. (Reprinted

with permission from Xia B, Lenggoro IW, Okuyama K. Novel route to nanoparticle synthesis

by salt-assisted aerosol decomposition. Adv Mater 2001;13:1579–1582, John Wiley & Sons.)

to micron particles created by conventional aerosol decomposition, typical parti-
cle morphologies formed in aerosol decomposition processes, remain unchanged
after washing. In contrast, the salt-assisted aerosol decomposition sample shows
a substantial change after washing, and nanoparticles are obtained. The parti-
cle sizes from conventional aerosol decomposition are broadly distributed over
a range of 0.11–2.12 µm with a mean size of 0.66 µm and a geometric stan-
dard deviation of 1.76, showing a typical polydispersity of 1.3–2.0. Desirably,
the salt-assisted aerosol decomposition sample (Fig. 2.27d), formed in the same
aerosol process, has a remarkably narrowed size distribution (close to the normal
distribution) in the range of 6.3–18.7 nm with a mean size of 12.8 nm and a
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geometric standard deviation of 1.19. In other words, the size distribution of the
salt-assisted aerosol decomposition particles is independent of that of their parent
solution droplets. Addition of the salts causes particle size reduction by a factor
of over 50. For nickel, Ag–Pd, CdS, ZnS, LiCoO2, and La0.8Sr0.2Ni0.5Co0.5O3-x

mentioned earlier, adding salts results in particle size reduction by a factor of
30–80, depending on the materials and synthesis conditions [119].

Pyrolysis of metal fatty acid salts is conducted to form semiconducting and
magnetic oxide nanoparticles [120,121]. The size of the semiconducting nanopar-
ticles (InP) is 3.1 nm. Nearly monodispersed Fe3O4 nanoparticles over a large
size range (3–50 nm) are obtained. The method is further applied to the growth of
oxide nanoparticles of other magnetic metals including Cr2O3, MnO, Co3O4, and
NiO. The size and shape control of the nanoparticles is achieved by varying the
reactivity and concentration of the precursors. The reactivity is tuned by changing
the chain length and concentration of the ligands, the fatty acids. However, some-
times alcohols or primary amines are needed in order to activate the pyrolysis
process. Separately, a liquid organosilazane precursor (CH3SiHNH)n (n = 3,4)
is synthesized by ammonolysis of methyl dichlorosilane (CH3SiHCl2). Exposing
aerosols of this organosilazane liquid precursor to a laser beam converts them into
preceramic polymer particles. The preceramic particles can be further thermally
treated to form Si3N4/SiC nanoparticles [122, 123].

Before organic precursor pyrolysis proceeds, hydrolysis can be used to pro-
duce the precursors for pyrolysis in order to synthesize borides, carbides, and
nitrides. For example, binary inorganic/organic gels are prepared by hydrolysis
of titanium alkoxide in the presence of soluble, pyrolyzable organic compounds
and complexing additives [124]. Upon pyrolysis up to 600–800◦C, the gels trans-
form into intimate mixtures of solid carbon and nano-sized anatase TiO2. The
pyrolyzed xerogels serve as precursors to titanium oxycarbide and carbide. The
synthesis route to the binary gels can be used to control the elemental composi-
tion of the annealed nanoparticles. Inorganic–organic hybrid gels are prepared by
simultaneous condensation of a liquid mixture of ethyl silicate ((C2H5)4SiO4),
ethyl borate (B(OC2H5)3), and water-soluble phenol resin. The obtained gels are
crushed, dried, and heated in controlled conditions to yield inorganic precur-
sors. Since the tailored inorganic precursors mainly consist of SiO2 and carbon,
SiC can be formed from heat treatment in an argon atmosphere at >1773 K.
The nanoparticle sizes are 6–33 nm but the particles are agglomerated [125]. A
comprehensive review of the technique can be found elsewhere [72].

Zinc sulfide (ZnS) particles of 20–40 nm size are prepared by spray pyrolysis
under an electrical field. First, solutions of ethyl alcohol (C2H5OH), zinc nitrate
(Zn(NO3)2), and thiourea (SC(NH2)2) are made. The solutions have electrical
conductivities between 10−4 and 10−1 S m−1. High-voltage DC sources (2–4 kV)
are used to electrospray the solutions from steady cone-jets at flow rates from 0.05
to 0.25 ml h−1, with positive and negative polarities. The highly charged drops
formed are neutralized by bipolar ions from a radioactive source to increase the
overall transmission efficiency through a reactor furnace. Electrospray pyrolysis
is hence able to generate nonagglomerated and spherical ZnS nanoparticles [126].



76 NANOPARTICLE SYNTHESIS

Spray pyrolysis has distinct advantages: multicomponents are homogeneously
mixed at the atomic level from the beginning, and the high temperature facilitates
the formation of crystalline nanoparticles. Spray pyrolysis also has the advan-
tages of low cost, simplicity, and being effective in controlling the size and shape
of the formed particles. Well-controlled morphologies and compositions are pro-
duced, giving rise to a series of new nanoparticles and processes that have been
dominated by wet chemistry for years [127]. Also, the starting materials used
are common, inexpensive, and compatible with nonaqueous media. However, py-
rolytic synthesis of multicomponent nanoparticles leads to particles with a wide
size distribution extending into the micron size range. The long chains in the
precursors always need special care to ensure a reactive environment. To obtain
uniform nanoparticles, spray pyrolysis needs to be improved; special reaction
conditions are needed such as slowing the reaction rate or decomposing the pre-
cursor in an inert solvent. To dry a droplet with an initial diameter of 5 µm to a
particle with a diameter of 100 nm, the volume fraction of the involatile solute
should not be higher than 0.0008% [126]. Spray pyrolysis is also limited to certain
materials due to the thermal stability issue at high pyrolysis temperatures; no pure
metal nanoparticles are synthesized using this technique. Another shortcoming
is that at high temperatures diffusion bonding is favored, which induces nanopar-
ticle agglomeration and undesired phase transformation. Continuing efforts in
spray pyrolysis include synthesis of more sophisticated nanoparticles with new
functionalities and mass production of high quality nanoparticles. Advances in
synthesis simulation and diagnostics of early particle formation and growth are
needed for this development.

2.4.2.2 Solventless Synthesis Solventless synthesis was initially devel-
oped for organic material synthesis with CO2 as a synthesis aid. In recent years,
it has been applied to nanoparticle synthesis. Particle encapsulation in super-
critical CO2 helps to overcome the nanoparticle agglomeration problem [128].
Poly(dimethylsiloxane)-graft-polyacrylate (PDMS-g-PA) phase separation and
methyl methacrylate (MMA) polymerization on particle surfaces are typical
encapsulation processes usable in a batch mode. Both phase separation and poly-
merization allow for coating of nanoparticles. Use of a surfactant like PDMS-g-
PA allows anchoring of MMA monomers and promotes polymerization on the
particle surfaces. Surfactant selection is considered a key step for a successful
encapsulation process.

Cu2S is synthesized using copper-thiolate as the precursor [129]. First, an
aqueous solution of copper salt and chloroform (CHCl3) are combined, followed
by the addition of sodium octanoate (CH3(CH2)6·COONa). Copper ions in the in-
organic phase are transferred by sodium octanoate via copper octanoate complex.
The aqueous phase is then discarded, after which dodecanethiol (C12H25SH) is
added to the retained organic phase, resulting in the replacement of octanoate by
dodecanethiol. Organic evaporation results in a waxy-like copper-containing pre-
cursor, which is then heated and yields nanoparticles. After being redispersed in
chloroform and reprecipitated in ethanol to remove impurities, Cu2S nanorods of
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FIGURE 2.28 Overall scheme of a modified thermal decomposition method for α-Fe

nanoparticle synthesis [132]. (Reprinted with permission from Han YC, Cha HG, Kim CW,

Kim YH, Kang YS. Synthesis of highly magnetized iron nanoparticles by a solventless ther-

mal decomposition method. J Phys Chem C 2007;111:6275–6280, Copyright 2007, American

Chemistry Society.)

∼4 nm in diameter and 12 nm in length are formed, with narrow size and shape
distribution. Cu2S nanodisks and nanoplatelets can be formed using the same
method [130]. Reaction temperature and time affect the size and shape of the
Cu2S nanoparticles. Copper-thiolate provides organic ligands, which adsorb onto
the nanoparticle surfaces for steric stabilization and aggregate growth prevention.
This is crucial for monodispersed size and shape. Under appropriate conditions,
solventless synthesis can reduce interparticle collisions down to almost zero. NiS
nanorods and triangular nanoprisms are synthesized using a similar procedure
[131]. The morphology can be self-controlled at the atomic level by the structure
of the precursors.

For α-Fe nanoparticle synthesis, the overall synthetic procedure is depicted
in Figure 2.28. First, the Fe2 + –oleate2 complex is synthesized using iron (II)
chloride tetrahydrate and sodium oleate. Sodium oleate is used as a capping
agent because oleate has a C18 (oleic) tail with a cis double bond in the middle,
forming a kink. Such kinks have been postulated as being necessary for effective
stabilization. Fe3O4 nanoparticles are obtained by solventless thermal decom-
position using a Pyrex tube from the synthesized Fe2 + –oleate2 complexes. The
prepared Fe3O4 nanoparticles are mixed with NaCl powder by a shaker miller
to be as uniform as possible. Through the use of NaCl powder as the separating
medium, each Fe3O4 nanoparticle is separated during the course of reduction
by Ar + 4% H2 mixture gas and annealed under a high vacuum system of
1.8 × 10−5 torr at 700◦C to obtain α-Fe nanoparticles [132]. The NaCl powder
used instead of a surfactant plays an important role in keeping the size and shape
of the nanoparticles.
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Platinum particles of 2.0–2.5 nm size are synthesized by decomposing
Pt2(dba)3 (dba: bis-dibenzylidene acetone) in 1-n-butyl-3-methylimidazolium
(BMI) hexafluorophosphate ionic liquid at room temperature [133]. Platinum
nanoparticles formed are stable and have a narrow particle size distribution.
Upon redispersion in an ionic liquid for several times, the catalytic activity of the
platinum nanoparticles shows no significant loss.

Solventless synthesis offers narrow particle size distribution and well-
controlled particle shapes. Similar to other procedures using organic chemicals,
solventless synthesis involves toxic chemicals, which is very undesirable. Caution
is required during the experiments because of the high synthesis temperatures.

2.4.3 Composite Nanoparticle Synthesis

2.4.3.1 Core/Shell Structure When producing nanoparticle-based com-
posites, the central challenge is to obtain a perfect distribution of the involved
phases. Synthesizing multiple phases separately and blending them after particle
formation often do not lead to intended results. Fortunately, the necessary distri-
bution of two phases can be obtained by coating the particles of one phase with
a shell of the other phase with an intended thickness. The distribution of the two
phases is homogeneous on a nanometer scale. The core particles are arranged at a
well-defined distance, therefore, the interaction of the particles can be controlled.
The core particles and the shells may have different properties, as shown in Figure
2.29. This allows for a combination of properties, which otherwise would not
exist in one particle.

Core/shell composite nanoparticles are very desirable in offering precisely
controlled homogeneity in composition and core nanoparticle spacing. However,
there are a few basic requirements for the core particles to be coated with a shell:
(1) the existing core nanoparticles must withstand the conditions under which

FIGURE 2.29 Illustration of different crystal structure, composition, and properties for

core/shell particles. (For a color version of this figure, see the color plate section.)
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the second phase is deposited, (2) the surface energies of the two phases must
be similar so that the barrier for heterogeneous nucleation of the second phase
is lower than that for homogeneous nucleation, and (3) the core nanoparticles
and the coating nanoparticles must not readily interdiffuse under the deposition
conditions [134]. Several methods have been used to produce a surface shell on
nanoparticles, such as solution coating, micelle-assisted coating, and heteroco-
agulation coating.

For solution coating, typically core nanoparticles are prepared, isolated, size-
selected, and then redispersed in a fresh solution of solvent and stabilizer(s).
The precursors for the shell are gradually added to allow the species to hetero-
geneously nucleate on the core nanoparticles, which may be carried out under
specific conditions to facilitate heterogeneous nucleation. If the rate of precursor
addition does not exceed the rate of deposition on the seeds, the precursor concen-
tration never reaches the threshold for the homogeneous nucleation of the second
phase. Core/shell particle structures are obtained. A one-step core/shell struc-
ture synthesis of Au/SiO2, Au/ZrO2, Ag/TiO2, and Ag/ZrO2 is reported. Gold
and silver nanoparticles of 30–60 nm covered by an amorphous TiO2 or ZrO2

shell with a 3 nm thickness are synthesized using hydrolysis of the metal oxide
precursors [135]. Pd–CeO2 core/shell nanostructures are made by exploiting the
self-assembly between functionalized palladium nanoparticles and cerium(IV)
alkoxides. The method involves the synthesis of palladium nanoparticles pro-
tected by a monolayer of 11-mercaptoundecanoic acid (MUA). The carboxylic
groups on the nanoparticle surfaces are used to direct the self-assembly of a
cerium(IV) alkoxide around the metal particles, followed by controlled hydrol-
ysis to form CeO2. The Pd@CeO2 core/shell nanostructures are effectively dis-
persible in a range of organic solvents without any sign of agglomeration. The
dimensions of the metal core and the thickness of the oxide layer can be tuned
and the metal phase is accessible [136]. A schematic representation of the process
is shown in Figure 2.30. Individual SiO2-coated silver nanoparticles are made

Pd nanoparticle

11-mercaptoundecanoic

acid

Ce(IV) alkoxide

Dodecanoic acid

CeO2

Hydrolysis

FIGURE 2.30 Schematic representation of the procedure used to obtain dispersible

Pd@CeO2 core–shell nanostructures [136]. (Reprinted with permission from Cargnello M,

Wieder NL, Montini T, Gorte RJ, Fornasiero P. Synthesis of dispersible Pd@CeO2 core–

shell nanostructures by self-assembly. J Am Chem Soc 2010;132:1402–1409, Copyright 2010,

American Chemical Society.) (For a color version of this figure, see the color plate section.)
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using a reverse micelle method (see Section 2.4.4.1) followed by hydrolysis
and condensation of tetraethoxysilane (TEOS). The size of SiO2-coated silver
nanoparticles can be controlled by changing the reaction time and the concentra-
tion of TEOS. By maintaining the size of the core silver nanoparticles at around
7 nm, the size of SiO2-coated silver nanoparticles increases from 13 to 28 nm
as the reaction time increases from 1 to 9 hours because of an increase in the
SiO2 thickness. The size of SiO2-coated silver nanoparticles also increases from
15 to 22 nm as the TEOS concentration increases from 7.8 to 40 mM. The size of
SiO2-coated silver nanoparticles can be accurately predicted using the hydrolysis
rate of TEOS.

Bimagnetic core/shell Fe58Pt42/Fe3O4 nanoparticles are synthesized from coat-
ing of a 4 nm Fe58Pt42 core with an Fe3O4 shell. The shell is tunable from 0.5 to
3 nm [137]. Figures 2.31a and b show two typical transmission electron images of
core/shell structured Fe58Pt42/Fe3O4 nanoparticles, with the darker region in the
center being 4 nm Fe58Pt42 and the lighter ring being 0.5 nm (Fig. 2.31a) and 2 nm
Fe3O4 (Fig. 2.31b). The different contrast between the core and shell regions is
due to different electron penetration efficiency on metallic FePt and oxide Fe3O4.
The detailed structure of a single Fe58Pt42/Fe3O4 particle is shown in Figure 2.31c.
The lattice fringes of the shell are clearly shown in the image with adjacent fringe
spacing at 0.253 nm, corresponding to {311} lattice planes for Fe3O4. The struc-
ture of the core is chemically disordered face-centered cubic FePt. The images
in Figures 2.31a–c confirm that the chemically disordered Fe58Pt42 core is sur-
rounded by a cubic spinel structured Fe3O4 shell. Energy-dispersive spectroscopy
analyses of the core/shell nanoparticles reveal that the iron content increases with
increasing shell thickness. Figure 2.31d shows an energy-dispersive spectroscopy
spectrum from an assembled area of Fe58Pt42/Fe3O4 nanoparticles with 4 nm core
and 1 nm shell. The average composition of these particles is Fe/Pt = 76:24, a
ratio larger than 58:42 from the core; this ratio is consistent with the presence
of 1 nm coating of Fe3O4. Figure 2.32 shows the X-ray diffraction patterns from
the assemblies of cubic spinel structured 6 nm Fe3O4 nanoparticles (Fig. 2.32a,26

chemically disordered face-centered cubic 4 nm FePt nanoparticles (Fig. 2.32b),25

4 nm/1 nm core/shell structured Fe58Pt42/Fe3O4 nanoparticles (Fig. 2.32c), and
4 nm/3 nm core/shell structured Fe58Pt42/Fe3O4 nanoparticles (Fig. 2.32d). Com-
pared with Figures 2.32a and b, Figures 2.24c and d contain two sets of peaks,
with one set matching that of the chemically disordered face-centered cubic FePt
and the other matching that of the cubic spinel structured Fe3O4. The diffraction
peak width in Figure 2.24c is broader than that in Figure 2.32d, indicating that
the structure-correlated region of Fe3O4 in the 1 nm shell is smaller than that in
the 3 nm shell. The high intensity from the diffraction peaks of (220) and (440)
in Figure 2.32d indicates that the reflections from the (220) and (440) planes in
the Fe3O4 shell of the core/shell nanoparticle assemblies are stronger than from
other planes. Methods for coating semiconductor nanoparticles with a second
semiconductor material are also developed. Different kinds of core/shell struc-
tures are successfully constructed, including CdSe/ZnS, CdSe/ZnSe, CdSe/CdS,
CdTe/CdSe, CdSe/ZnTe, and InP/ZnS core/shell nanoparticles [138–141].
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(a) (b)

(c) (d)

FIGURE 2.31 Transmission electron bright field images of core/shell Fe58Pt42/Fe3O4

nanoparticles with core/shell being (a) 4 nm/0.5 nm and (b) 4 nm/2 nm, (c) high-resolution

transmission electron micrograph of a single Fe58Pt42/Fe3O4 particle with 4 nm core and 2 nm

shell, and (d) energy-dispersive spectroscopy spectrum of a group of Fe58Pt42/Fe3O4 nanopar-

ticles with 4 nm core and 1 nm shell. The shell thickness is measured statistically with standard

deviation at around 11% [137]. (Reprinted with permission from Zeng H, Li J, Wang ZL, Liu

JP, Sun SH. Bimagnetic core/shell FePt/Fe3O4 nanoparticles. Nano Letters 2004;4:187–190,

Copyright 2004, American Chemical Society.)

Oil drops in water are called micelles; water drops in oil are called reverse
micelles. Reverse micelle synthesis (see Section 2.4.4.1) is a powerful technique
to prepare core/shell nanoparticles. Generally, a reverse micelle system con-
tains three components: amphiphilic surfactant molecules, water, and a nonpolar
solvent [142]. During the preparation, micelles act as microreactors to restrict
the nanoparticle nucleation and growth to a nano-sized range. The surfactant
molecule is composed of two parts with different affinities for the solvent. One
part has affinity for water (polar solvent) and the other for oil (nonpolar solvent).
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FIGURE 2.32 X-ray diffraction patterns of the assemblies of (a) 6 nm Fe3O4, (b) 4 nm

Fe58Pt42, (c) 4 nm/1 nm Fe58Pt42/Fe3O4, and (d) 4 nm/3 nm Fe58Pt42/Fe3O4 nanoparticles. The

assemblies are prepared by depositing hexane dispersion of the particles on a glass (a, b) or

a Si (100) (c, d) substrate and drying at room temperature [137]. (Reprinted with permission

from Zeng H, Li J, Wang ZL, Liu JP, Sun SH. Bimagnetic core/shell FePt/Fe3O4 nanoparticles.

Nano Letters 2004;4:187–190, Copyright 2004, American Chemical Society.)

For a system containing both water and nonpolar oil, the polar heads of the surfac-
tant molecules direct to the interior of the water-containing sphere, while aliphatic
tails point to the nonpolar organic phase. TiO2/MoO3 core/shell nanoparticles are
synthesized using a reverse micelle-assisted approach [143]. The TiO2/MoO3

nanoparticle size can be readily adjusted from 4 to 8 nm. A systematic pho-
toabsorption energy red-shift is observed for the core/shell nanoparticles and is
attributed to the change in the relative position of the MoO3-shell conduction
band as it evolves from less than a monolayer to a two-layer shell.

It should be mentioned that these are just a few common approaches for
forming core/shell nanoparticles. Based on special needs, there can be variants
of the above approaches. For example, different species can be coated layer-
by-layer to form onion-type structures. A complex InAs/CdSe/ZnSe core/shell
1/shell 2 structure is created, and the CdSe intermediate layer acts as a buffer
layer to reduce the strain between the InAs core and the ZnSe outer shell [144].
A much thicker outer layer can be formed to improve stability. At the same time,
fluorescence quantum yield is significantly improved compared to the previous
core/shell structure without the intermediate layer.
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2.4.3.2 Electroless Deposition Electroless deposition is fundamentally a
reduction process. In other words, a coating forms via heterogeneous nucleation
and layer-by-layer growth. This technique can produce uniform thin metal layers
such as silver, cobalt, and nickel on nanoparticle surfaces. Coating is realized by
the autocatalytic reduction in the metal ions in an aqueous solution. An electroless
coating bath typically contains the following components: metal salt, reducing
agent, complexing agent, and stabilizer. Reaction rate can be controlled and
adjusted as needed.

Nickel has been coated onto SiC nanoparticles by electroless coating. Pre-
treatment (including oxidation, hydrophilic treatment, and sensitization) plays an
important role in the quality and properties of the nickel coating [145]. Carbon
nanotube (CNT)-supported nickel–phosphorous nanoparticles are formed using
the electroless nickel coating technique [146]. Well-separated nanoparticles with
an average size of 40 nm are formed, firmly attaching to CNTs. The synthe-
sized nanoparticles have ∼20 at% of phosphorus; the Ni–P loading on CNTs is
14.0 wt%. Nickel has also been coated onto carbon nanofibers [147]. Palladium
nanoparticles of 5 nm have been coated onto CNTs [148].

Palladium nanoparticles are obtained directly on aluminum and Al2O3 solid
surfaces by immersing the specimen in palladium(II) acetate solution and reduc-
ing to metallic palladium using sodium hypophosphite. Additionally, the method
is combined with electroless nickel plating, which facilitates metallization on the
respective surfaces. In these cases, specimens are first immersed in palladium(II)
acetate solution followed by immersion in electroless nickel plating solution,
where palladium reduced on the specimen surface provides catalytic sites for the
subsequent electroless nickel deposition. Using this technique, a 6–8.5 µm thick
Ni–P metallic layer is deposited on the specimen surface [149].

With the continuing interest in forming nanoparticles on different surfaces
(especially for catalysts) or in forming a conductive layer on nanoparticles, elec-
troless coating can be expected to improve as time progresses. One important
issue is to control the nucleation sites (such as substrate surface conditions or
dispersed nanoparticles) so that the nanoparticle morphologies are well tuned
and the coating layer on the particles is uniform. The second issue is controlling
the composition and structure of the coating. The third issue is preventing the
oxidation of the metallic coating layer, especially when the metal layer is not
very inert.

2.4.3.3 Templating Templating involves synthesis of nanoparticles via
structures defined by a predetermined template. Polymers have been proven
to be an excellent template that provides uniform size and shape for nanopar-
ticle synthesis and can be easily removed by thermal pyrolysis. Examples are
polystyrene or poly(methyl methacrylate) of micron sizes. Surfactants or block
copolymers can be used as bicontinuous structures to immobilize nanoparticles
and convert nanoparticle-containing precursors into nanostructures. Templates
such as long-chain organic monolayers, bimineralized micellar solvents, porous
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(a) (b)

FIGURE 2.33 Typical scanning electron images of CaCO3 ring structures obtained at a high

polymer concentration (2.0 g · L−1). (a) Particles obtained after mineralization for 15 days

exhibit obvious ring-like shape with uniform size. (b) Magnified image shows that the hollow

center is thoroughly developed and the peripheral surface is rough [150]. (Reprinted with

permission from Gao Y.X, Yu S-H, Cong H, Jiang J, Xu A-W, Dong WF, Cölfen H. Block-

copolymer-controlled growth of CaCO3 microrings. J Phys Chem B 2006;110:6432–6436,

Copyright 2006, American Chemical Society.)

aluminum oxide, polymeric matrices, porous silicon, CNTs, and highly oriented
graphite have been widely used in the synthesis process.

Solution growth of hollow CaCO3 structures has been successfully developed
based on controlled self-assembly and polymer concentration gradients using a
double-hydrophilic block copolymer with a hydrophobic modifier as a directing
agent. Figure 2.33 shows the CaCO3 ring structures. The formation mechanism
of such rings is believed to result from the formation of CaCO3 nanoparticles in
unstructured block copolymer assemblies with subsequent aggregation of these
primary nanoparticles. This leads to the formation of a polymer concentration
gradient from the inside to the outside of the particles. As the polymer contains
multiple chelating units, selective dissolution of the centers of the particles and
formation of the rings occur [150].

A surface offers much flexibility in templating (either by top-down or self-
assembled monolayers) and can be used to seed nanoparticle formation. Lead
sulfide (PbS) nanoparticles with an average size of 3.2 ± 0.4 nm are synthesized
by reacting Pb2 + ions on Au(111) substrate in a H2S atmosphere [151]. The
preparation process of the PbS nanoparticles consists of the formation of the self-
assembled monolayers of MUA, deprotonation of the self-assembled monolayers,
and Pb2 + ion adsorption on the outer surface of the self-assembled monolayers,
followed by a gas–solid chemical reaction. Cube-shaped cadmium sulfide (CdS)
nanoparticles are made using patterned monolayers of alkanethiolates on gold as
a template. The average size of the resulting nanoparticles (19–76 nm) can be
varied by using different solvents in the synthesis. The structure is mainly utilized
as a template to limit the particle nucleation and growth; thus nanoparticles with
a specific size and shape are produced. The oriented growth can be rationalized
in terms of lattice matching between the template and the nanoparticles grown on
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the template surface. However, structures of assembled monolayers and function-
alized surfaces of polymers are difficult to manipulate and characterize, which
may easily cause a lack of control of the size and shape of the nanoparticles [152].

QDs such as PbS and PbI2 and magnetic particles such as Fe2O3 are formed
in the hydrophilic region of a polymer or by incorporating the metal ions into
the corresponding monomer before polymerization [153]. CdS is sandwiched
between surfactant headgroups [154]. Selenium is incorporated into the pores
of a zeolite host [155]. Platinum nanoparticles are deposited onto the exte-
rior walls of CNTs. The size control of the nanoparticles can be achieved by
changing the concentration of metal ions, the reaction temperature, the reducing
reagent, or the means by which reactive solutions are added [156]. The reduc-
tion of metal ions in ethylene glycol by the addition of a salt, such as sodium
dodecyl sulfate (SDS), sodium p-toluenesulfonate (p-CH3C6H4SO3Na), lithium
trifluoromethanesulfonate (LiCF3SO3), or lithium perchlorate (LiClO4), results
in good dispersion and a high loading of platinum nanoparticles on CNTs with-
out aggregation. Salt depresses homogeneous nucleation and leads to selective
heterogeneous metal nucleation and growth.

One major advantage of the templating approach is the ability to use the
size and functionality of the template to fine-tune the nanoparticle size, shape,
distribution, and physical and chemical properties. The key challenges are to avoid
defect formation and suppress particle growth. Sufficient chemical and interfacial
complementarity between the template and the nanoparticles is often necessary.
However, the strategy for template-based nanoparticle synthesis is wide-ranging
as the structure and composition of the templates as well as the surface chemistry
of the nanoparticles can be systematically varied. More activities are expected in
this area.

2.4.3.4 Bio-Based Synthesis Biomaterials are becoming one of the most
active research areas. Nanoparticle synthesis is no exception in taking advantage
of the ingenious design of the bio-world. In the past decade, exploration of novel
bioinspired strategies for surface-assembling molecules or colloids to generate
nanoparticles with controlled morphologies, structural specialty, complexity, and
unique properties has been among the hottest research topics. Biomineralization
and bioinspired morphosynthesis have rapidly developed into one of the central
objectives of biomimetic chemistry. The biospecific interaction and coupling of
biomolecules with inorganic nano-sized building blocks has shown the poten-
tial assembly capabilities for generating new organized materials. Surfactant-
mediated templating and crystallization techniques have been widely exploited
in controlling the shape and size of nanoparticles. A common feature is that
ordered nanoparticles are replicated from self-organized soft templates. In addi-
tion, supramolecular directed self-assembly of inorganic–organic hybrid nanos-
tructures is also emerging. An example illustration is given in Figure 2.34 using
DNAs as a template. Recent advances show remarkable feasibility to mimic nat-
ural mineralization systems by a designed artificial organic template, in which
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FIGURE 2.34 Illustration of biomimetic synthesis of nanoparticle composite structures or

nanoparticle-based assemblies. (For a color version of this figure, see the color plate section.)

a supramolecular functional polymer can be directly employed as a mineraliza-
tion template for the synthesis of novel inorganic nanoarchitectures such as CdS
helices.

Silk fibroin is used as a biomolecular template for the biomimetic synthesis
of CdS and ZnS QDs [157]. Even though the exact molecular level interaction
is unknown, it is postulated that the coordination nucleation mechanism plays a
role in the growth of sulfide semiconductor QDs in the silk fibroin matrix. The
functional groups of silk fibroin molecules coordinate with the positive metal
ions, enabling uniform spatial distribution of M2 + (Cd2 + and Zn2 + ) in the
solution. After that, M2 + ions further react with the slow-generated S2− ions
from the hydrolyzation of thioacetamide, the nuclei formation process. Finally,
the growth of the nuclei located on the special sites is well regulated by the
biomacromolecules. Sulfide QDs are obtained in the protein matrix because their
aggregated growth is inhibited.

Chains of noble metal nanoclusters are synthesized on DNA templates ac-
cording to a selectively heterogeneous, template-controlled mechanism. A long
incubation of double-stranded DNA molecules with Pt(II) complexes is used
to obtain a template-directed formation of thin and uniform cluster chains after
chemical reduction in the DNA/salt solution. Without this “activation” step, DNA
acts as a nonspecific capping agent for the formed clusters and does not hinder
the formation of random cluster aggregates. Citrate ions can be used as additional
stabilizers for the heterogeneously grown metal clusters, leading to significantly
more regular metal cluster chains. Cationic SiO2 nanoparticles with surface modi-
fications are generated using amino-hexyl-amino-propyltri-methoxysilane [158].
Complete immobilization of DNAs on the nanoparticle surfaces is achieved at



LIQUID NANOPARTICLE SYNTHESIS 87

an 80:1 nanoparticle/DNA weight ratio. The surface-modified nanoparticles have
an average size of 42 nm with a distribution from 10 to 100 nm. These nanopar-
ticles are tested for their ability to transfer genes in vivo in the mouse lung,
and a twofold increase in the expression levels is found with SiO2 particles in
comparison to enhanced green fluorescence protein alone. Very low or no cell
toxicity is observed, suggesting SiO2 nanoparticles as a potential alternative for
gene transfection.

γ -Fe2O3, Mn3O4, CoPt, and FePt nanoparticles are grown inside 24-meric
ferritin cages. The material properties of these protein-templated nanoparticles are
influenced by the processes at different length scales: the chemistry of the material
determines the precise arrangement of atoms at very short distances, while the
interior volume of the protein cage constrains the maximum nanoparticle size
attainable. The domain size of inorganic nanoparticles within protein cages can
be tuned. One possibility is to limit the number of nucleation sites within an
individual cage [159].

Apoferritin has a spherical protein shell composed of 24 subunits surrounding
an aqueous cavity with a diameter of about 8 nm. Apoferritin-encapsulated cop-
per, cobalt, and nickel nanoparticles are prepared from apoferritin-encapsulated
metal ion solutions, which act as precursors for the preparation of apoferritin-
capsulated zero-valent metal nanoparticles, avoiding any precipitation outside the
apoferritin protein [160]. As schematically shown in Figure 2.35, encapsulated
Cu(II) metal ions are in fact a Cu-oxide/hydroxide apoferritin species in the so-
lution and are completely transformed to a Cu zero-valent metal apoferritin after
reduction with NaBH4. Stained and unstained transmission electron images of
the Cu(II)–apoferritin sample appear to have less contrast than those of Cu(0)–
apoferritin, although the presence of several small nanoparticles in the interior of
apoferritin is evident (see parts (b) and (c) in Fig. 2.36).

An attractive feature of the bio-based approach is that nanoparticle morphology
may be tuned based on the ratio of nanoparticle forming species to bio-templates.
Upon reduction, the amine moieties of a peptide sequester Pd2 + ions in a lo-
calized region, which coalesce within the peptidyl framework to grow into three
differently shaped structures: spherical nanoparticles, short linear nanoribbons,
and nanoparticle networks. The fabrication method is shown to be dependent
on the amount of Pd2 + ions in the reaction such that below a critical threshold,
only spherical palladium nanoparticles exist with ∼3 nm diameters; however,
above this level, linear structures are prepared with ∼4 nm widths. The synthe-
sis mechanism is probed using various Pd:peptide ratios during the fabrication
procedure to understand the effects of Pd2 + concentration [161]. The nanopar-
ticles are encapsulated within the peptide framework to maintain their colloidal
stability.

It should be pointed out that bio-based nanoparticle synthesis is mostly based
on heterogeneous nucleation and growth mechanism. Surface support or volu-
metric confinement is common features for the synthesized final products. As a
result, the resulting materials are mostly composites. Self-standing nanoparticle
synthesis through this approach has not been actively pursued.
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FIGURE 2.35 Structure of apoferritin and schematic representation of the preparation of

Cu(II)– and Cu(0)–apoferritin nanoparticles [160]. (Reprinted with permission from Ceolı́n

M, Gálvez N, Sánchez P, Fernández B, Domı́nguez-Vera JM. Structural aspects of the growth
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2.4.4 Field-Assisted Nanoparticle Synthesis

To control nanoparticle nucleation and growth, an external field can be used. As
shown in Figure 2.37, this is an active area for obtaining different nanoparticles
with unique attributes.
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FIGURE 2.36 Transmission electron images negatively stained with uranyl acetate

(UO2(CH3COO)2·2H2O): (a) Cu(II)–apoferritin nanoparticles; (b) and (c) zooms of image

(a) where the apoferritin coat and the small clusters are highlighted for clarity; (d) Cu(0)–

apoferritin nanoparticles [160]. (Reprinted with permission from Ceolı́n M, Gálvez N, Sánchez

P, Fernández B, Domı́nguez-Vera JM. Structural aspects of the growth mechanism of copper
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FIGURE 2.37 Different field-assisted nanoparticle synthesis methods.

2.4.4.1 Micelle Synthesis Even though there is no external field to mod-
ulate the nucleation and growth process, micelle synthesis of nanoparticles is
limited in a restricted space. As explained in 2.4.3.1, oil drops in water are called
micelles; water drops in oil are called reverse micelles. Micelle and reverse mi-
celle structures are shown in Figure 2.38. During micelle synthesis, a surfactant
with one part being hydrophobic and the other part being hydrophilic is dissolved
into a solvent and self-assembles into micelles. Reactants are only available inside
the micelles, and nanoparticles stop growing when the reactants are consumed.
The preparation of nanoparticles using micelles does not require a special appa-
ratus or extreme temperature and pressure conditions. Because the nanoparticle
growth process is self-limiting, it is a well-accepted method for nanoparticle size
and morphology control. Water-in-oil emulsions are thermodynamically stable

FIGURE 2.38 Micelle and reverse micelle structures. (For a color version of this figure, see

the color plate section.)
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dispersions of water and surfactant within a continuous oil phase (reverse mi-
celle). In such a system, water droplets are coated with a close-packed surfactant
monolayer and nanoparticle synthesis occurs inside the water droplets.

pH-responsive poly(2-(diethylamino)ethyl methacrylate) (PDEA) microgels
have been utilized as nano-reactors for the formation of metal nanoparticles,
such as platinum by reducing K2PtCl6 precursor. Three aspects are involved in
the metal nanoparticle synthesis: dispersion of the original microgel in water
of an appropriate pH, metal-loaded polymer matrices, and metal nanoparticle-
containing microgels after reduction. Platinum nanoparticles are formed with a
radius of about 1 nm [162]. Using block copolymer micelles, iron, nickel, and
cobalt nanoparticles with precisely controlled size and spacing are made [163].
The obtained particle size varies from 1.9 to 2.3 nm for different metallic nanopar-
ticles. PdRu bimetallic nanoparticles with a narrow particle size distribution are
synthesized using reverse micelles in supercritical CO2 [164]. Perfluorotetrade-
canoate surfactant and water are used to establish an aqueous microemulsion.
The formed water-in-CO2 micelles are used as nano-reactors where the reduction
of metal salts takes place, yielding bimetallic nanoparticles. Particle size analysis
shows a monomodal distribution with an average size of 4.0 nm.

TiO2 of 30–50 nm particle size is synthesized by hydrolyzing titanium alkox-
ide (Ti(OC3H7)4) in a water–oil microemulsion medium [165]. The aqueous
phase is dispersed as microdroplets and surrounded by a layer of surfactants.
The microdroplets are used as microreactors for the synthesis of nanoparticles.
The formed nanoparticles are spherical and have a narrow size distribution. PbSe
nanoparticles encapsulated by SiO2 are also synthesized by a similar approach
[166]. Monodispersed SiO2 particles of 30–70 nm diameter produced by hydroly-
sis of tetraethoxysilane (TEOS) in a microemulsion show a complex dependence
of particle size on water-to-surfactant molar ratio and on the concentration of
ammonia. At relatively low ammonia concentration (1.6 wt% NH3), the par-
ticle size decreases monotonically with an increase in the water-to-surfactant
molar ratio. However, for higher ammonia concentrations (6.3–29.6 wt% NH3),
a minimum particle size occurs as the water-to-surfactant molar ratio is in-
creased [167]. The growth kinetics of SiO2 nanoparticles synthesized by reverse
microemulsion-mediated alkoxide hydrolysis are investigated with tetraethoxysi-
lane (TEOS) as the SiO2 precursor and polyoxyethylene (5) nonylphenylether
(NP-5)/cyclohexane/ammonium hydroxide as the water-in-oil microemulsion
system. The growth rate of SiO2 particles in the reverse micelle system is con-
trolled by TEOS hydrolysis. At the later stage of the nanoparticle growth, the rate
of the surface reaction (condensation), rather than hydrolysis, becomes important
for the growth rate [168]. In a different study, reaction of tetramethylorthosilicate
(TMOS) inside the water droplets of a water-in-oil microemulsion, under both
acidic (pH 1.05) and basic (pH 10.85) conditions, is studied [169]. The addi-
tion of TMOS to the microemulsion results in the formation of SiO2 as TMOS,
preferentially located in the oil phase, diffuses into the water droplets. Once in
the hydrophilic domain, hydrolysis occurs rapidly as a result of the local high
concentration of water. Varying the pH of the water droplets from 1.05 to 10.85,
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FIGURE 2.39 Mechanism for particle formation under acidic and basic conditions [169].

(Reprinted with permission from Finnie KS, Bartlett JR, Barbé CJA, Kong L. Formation

of silica nanoparticles in microemulsions. Langmuir 2007;23:3017–3024, Copyright 2007,

American Chemical Society.)

however, considerably slows the hydrolysis reaction of TMOS. The formation
of a dense SiO2 network occurs rapidly under basic conditions, and the slower
formation of more disordered SiO2 occurs in acid. Spheres of ∼11 nm size are
formed under basic conditions and stabilized by a water/surfactant layer on the
particle surface during the formation. Under acidic conditions, highly uniform
∼5 nm spheres are formed and retained within the water droplets (∼6 nm diam-
eter). High surface area (510 m2 g−1) particles with an average pore size of 1 nm
are formed at pH 1.05. In contrast, synthesis at base conditions results in low
surface area particles with a negligible internal porosity. The fundamental mech-
anism for these nanoparticle formation processes is shown in Figure 2.39 [169].
Base catalysis of sol–gel reactions promotes hydrolysis, condensation, and, more
importantly, dissolution. At pH 11, the hydrolysis rate is modest and results in
a relatively small and heterogeneous nucleation rate (i.e., the nucleation varies
from micelle to micelle). This leads to the production of a fairly inhomogeneous
and polydispersed system. Rapid condensation results in quick consumption of
all the precursors inside the micelles and the formation of a dense SiO2 structure.
Acid catalysis, in contrast, promotes hydrolysis but hinders both condensation
and dissolution reactions. Consequently, for the microemulsion synthesis of SiO2

particles using acid catalysis, many nuclei are generated quickly, but very little
growth is observed. This leads to the formation of significantly smaller but more
homogeneous particles. No coalescence takes place between the droplets dur-
ing intermicellar collisions. Particles grow to fill the micelle cores by slowly
consuming all of the hydrolyzed precursors present in their pools.

Micelle synthesis mostly uses standard, commercially available, and relatively
inexpensive chemicals. The synthesis can reproducibly yield monodispersed
nanoparticles. The micelle size has a fundamental impact on the particle size.
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FIGURE 2.40 Illustration of laser-assisted nanoparticle synthesis. (For a color version of

this figure, see the color plate section.)

2.4.4.2 Laser-Assisted Synthesis Lasers, especially ultrafast lasers, are
increasingly used in nanoparticle synthesis. With a laser, the fundamental
timescales of chemical reactions become accessible. Different approaches can
be used in the general scheme of laser-assisted nanoparticle synthesis, and both
simple and complex compositions can be obtained: laser irradiation of a mixture
of two or more colloidal solutions and laser ablation in reactive liquids. The
interaction of high-intensity pulsed laser radiation with a solid target in a liquid
leads to the formation of a dense plasma cloud with rapidly changing param-
eters above the target surface (Fig. 2.40). The formed plasma expands with a
supersonic speed, being cooled as a result of electron–ion radiative recombina-
tion and chemical reactions. The radiative stage of laser-induced plasma is rather
short (generally several hundreds of nanoseconds). A hemispherical cavitation
bubble, composed of gaseous ablation products and vapor of the surrounding
liquid, is formed after the plasma decay. Having formed after the laser pulse,
the gas bubble continuously expands, reaches a maximum size for several hun-
dreds of microseconds (depending on the target material and laser pulse energy),
and then collapses. Bimetallic nanoparticles (Ag–Cu, Ag–Au), semiconductor
nanoparticles (ZnO, CdSe), and doped oxide nanoparticles (ZnO:Ag) are formed
as a result of single- and double-pulse laser ablation in different liquids (water,
ethanol, acetone, or solutions of polysaccharides).

Lasers have been utilized to irradiate iron and gold nanoparticles in a liquid
medium to form Fe/Au nanoparticles with a core/shell structure [170]. A pulsed
532 nm laser beam is absorbed more efficiently by gold than by iron nanoparticles.
During this process, gold nanoparticles absorb photons, decompose, and then
condense onto iron nanoparticles, forming a shell. The core consists of body-
centered cubic iron single domains with an 18 nm diameter and the shell is
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composed of face-centered cubic gold nanoparticles with ∼3 nm thickness. The
formed particles are superparamagnetic at room temperature and show good
oxidation resistance. Laser photolysis of gold (AuIII) salts embedded in the cores
of block copolymer micelles derived from polystyrene-poly-4-vinylpyridine is
also studied [171]. Gold salt type, loading rate, presence of water, and micelle
characteristics all influence the rate of reduction and gold colloid formation.
The presence of water in the system containing HAuCl4·3H2O accelerates AuIII

reduction, but the gold colloid size is not affected (about 3 nm). The substitution of
HAuCl4 · 3H2O with AuCl3 results in much slower accumulation of AuI species
and slower nucleation of gold colloids, which results in larger particles with a
mean diameter of 6.0 nm. Increasing the amount of the metal compound also
leads to an increase in the particle size.

A single-step method is carried out for fast (2–3 minutes), scalable synthesis
of inert colloidal metal-SiO2 nanoparticles in stable colloids based on the laser
ablation of a solid target submerged in an aqueous solution of the metal salts,
whose reduction gives rise to nanoparticles. At the same time, the evaporated ma-
terial from the target (Si) produces nanometer-sized SiO2 nanoparticles that cap
metal nanoparticles. The method combines the advantages of chemical synthesis
with the versatility of the laser ablation technique. In fact, the high yield and
fast processing time are very promising for the scalable production of nanopar-
ticles. In addition, ablation parameters, target materials, and metal salts can be
combined and controlled to influence the size, morphology, and composition of
nanoparticles. Figure 2.41 shows SiO2 coated with silver and gold nanoparti-
cles. Silver and gold signals in high-resolution transmission electron chemical
mapping images can be measured, as indicated by the arrows in Figure 2.41c,
despite the intensity difference due to a smaller content of gold in the alloyed
nanoparticles (26.6%). Other than gold and silver signals (Figs. 2.41a, b), a weak
signal attributed to the presence of silicon all around the examined area is also
measured, being more intense at the positions of the nanoparticles, as shown in
Figure 2.41d. An amorphous SiO2 shell can be observed in some micrographs
such as the one indicated by the dotted line in Figure 2.41e and illustrated in
Figure 2.41f. The SiO2 present in the colloid can be due to the fast oxidation
of sputtered silicon of the ablated target. A core/shell metal/SiO2 nanoparticle is
illustrated in Figure 2.41f, where SiO2 nanoparticles smaller than 2 nm cover the
core metal (pure or alloy) nanoparticle [172].

In contrast to chemically synthesized nanoparticles, the nanoparticles formed
by laser ablation in liquids do not contain foreign ions or surface-active mate-
rials, which is undoubtedly an advantage for a number of applications. Other
advantages of laser ablation are universality (it can be used for metals, semi-
conductors, and insulators of different compositions) and possibility of con-
trolling the characteristics of synthesized particles by changing the irradiation
parameters. The laser-assisted techniques also have the advantage of precisely
controlling synthesis kinetics and thus particle size and shape. The relatively
low cost of the equipment and the high efficiency also make the laser-assisted
techniques attractive.



94 NANOPARTICLE SYNTHESIS

2.4.4.3 Plasma-Assisted Synthesis Plasma is a collection of free mov-
ing electrons and ions and is normally in the form of ionized gas. Because of
electric charges, plasma responds strongly to electromagnetic fields and can be
employed to facilitate nanoparticle synthesis. Hydrogen plasma, nitrogen plasma,
and microwave plasma are all possible sources. The plasma-assisted method
has the advantage of low cost, ease of use, and ability to produce high-purity
nanoparticles.

Synthesis of carbon-doped TiO2 using TiCl4 and CO2 as titanium and carbon
sources, respectively, is carried out by thermal plasma at atmospheric pressure.
The resulting powders contain mixed anatase and rutile phases with particle sizes

(a) (b)

(c)

(d)

FIGURE 2.41 Energy-dispersive spectroscopy chemical mapping of silver–gold alloy

nanoparticles demonstrates the presence of (a) silver and (b) gold in the four nanoparticles

marked by arrows and observed in (c) transmission electron image. (d) Other than silver and

gold, the energy-dispersive spectroscopy–high-resolution image also reveals the presence of

silicon. The limit of the shell is indicated by a dotted line in (e) transmission electron image

and illustrated in panel (f) [172]. (Reprinted with permission from Jimenez E, Abderrafi K,

Abargues R, Valdes JL, Martinez-Pastor JP. Laser-ablation-induced synthesis of SiO2-capped

noble metal nanoparticles in a single step. Langmuir 2010;26:7458–7463, Copyright 2010,

American Chemical Society.) (For a color version of this figure, see the color plate section.)
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(e)

(f)

FIGURE 2.41 (Continued)

ranging from 20 to 50 nm [173]. For pure TiO2 synthesis using Ti(OC3H7)4) and
H2O as precursor solutions, the precursors are vaporized and sent into the plasma
reactor via a nitrogen carrier gas. The Ti(OC3H7)4) and H2O ratio is 11.9:1. The
generated particles have a broad size distribution when no plasma is applied; the
particle sizes are as large as 1 µm or smaller than 100 nm. On the other hand,
when the plasma is present, the particle sizes become smaller and more uniformly
distributed. Higher voltage refines particle size distribution and shape. Figures
2.42a–d show the scanning electron images of the particles generated at applied
voltages of 0, 6.48, 8.58, and 9.60 kV, respectively [174].

2.4.4.4 Microwave-Assisted Synthesis Microwave heating uses liquids
and solids to transform electromagnetic energies into heat. Due to the difference
in the dielectric constants of the solvent and the reactant(s), selective dielectric
heating can provide significant enhancement in the transfer of energy directly
to the reactants, which causes an instantaneous internal temperature rise. Using
metal precursors that have large microwave absorption cross sections relative
to the solvent, very high effective reaction temperatures can be achieved. This
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FIGURE 2.42 Scanning electron images of TiO2 particles collected in the reactor under

different applied voltages. (a) No applied voltage, (b) 6.48 kV, (c) 8.58 kV, and (d) 9.60 kV

[174]. (Reprinted with permission from Chen C, Bai H, Chein HM, Chen TM. Continuous gen-

eration of TiO2 nanoparticles by an atmospheric pressure plasma-enhanced process. Aerosol

Sci Technol 2007;41:1018–1028, Copyright 2007, Mount Laurel, NJ.)

allows for rapid decomposition of the precursors, thus creating highly supersat-
urated solutions where nucleation and growth can take place to produce desired
nanoparticles. The main advantage of microwave heating over other conventional
heating methods is the rapid and uniform heating of the reaction mixture. Mi-
crowaves have the ability to rapidly heat the reactant mixture and remove the
heat source when needed to stop the synthesis process. This is much desired
since it can lead to small particle size, narrow size distribution, and very short
reaction time.

Since microwave heating allows quenching of the reaction very early on
(∼10 seconds), it provides the opportunity to control the size of small nuclei
by varying the microwave initiated reaction time and achieve high efficiency
with respect to energy consumption. Narrow particle size distributions can be ob-
tained because particle formation in microwave plasma synthesis is, in contrast to
conventional gas-phase synthesis, not necessarily a random process; rather, it may
be controlled by particle charging. During synthesis, the particles carry electric
charges of the same sign. Therefore, particle growth is reduced and agglomer-
ation thwarted by electrostatic repulsion. Furthermore, this process allows for
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coating of particles with organic or inorganic phases, reducing the interaction of
different particles. This makes it possible to exploit properties and characteristics
of isolated particles. Additionally, the coating process allows the combination of
different properties such as superparamagnetism and luminescence [175].

Microwaves can decompose organometallic precursors to form transition metal
nanoparticles (iron, cobalt, and Co–Mo) with a mean particle size smaller than
10 nm [176]. If the gas carrier is changed from pure argon to 10% H2/Ar, the
mean particle size can be reduced to <2 nm. Carbon-supported PtNi nanopar-
ticles are synthesized by reducing platinum and nickel precursor salts using
hydrazine (N2H4) under microwave irradiation [177]. The average particle size is
2.9–5.8 nm with a uniform distribution. Nanoparticles formed using this method
show good electrocatalytic activity. A one-pot microwave irradiation method
is used to prepare different shape gold nanoparticles capped with a mixture of
oleylamine and oleic acid [178]. The size, shape, and morphology of the nanopar-
ticles can be tailored by varying the ratio of oleylamine to oleic acid, microwave
time, and the concentration of gold ions. Increasing oleic acid makes the par-
ticle surfaces faceted and increases the particle size, as shown in Figure 2.43.
Hexagons and truncated prisms are more predominant when the oleic acid is more
than 60%.

A detailed study of kinetic and thermodynamic aspects in the microwave-
assisted synthesis of ZnO nanoparticles from zinc acetate and benzyl alcohol
shows that microwave irradiation greatly accelerates nanoparticle formation by
(a) facilitating the dissolution of the precursor in the solvent, (b) increasing
the rate constant for the esterification reaction by an order of magnitude, re-
sulting in faster production of monomers and, consequently, earlier nucleation,
and (c) increasing the rate constant of nanoparticle growth from 3.9 nm3 min−1

(conventional heating) to 15.4 nm3 min−1 (microwave heating) [179]. MoS2 and
WS2 nanoparticles with layered structures are synthesized by the reaction of
hexacarbonyls with H2S in a microwave plasma. The resulting particles are 5–
15 nm in diameter. Additionally, particles exhibiting nested fullerene-like struc-
tures and polyhedron-shaped crystals are found [180]. ZrO2 nanoparticles are
prepared using microwave heating with a uniform particle size of about 8
nm. Hafnia (HfO2) particles are coated with Al2O3 using the same technique.
Lattice fringes show that the HfO2 core is crystalline and the Al2O3 coating is
amorphous [175].

2.4.4.5 Sonication-Assisted Synthesis Recently, ultrasound has been
introduced for nanoparticle synthesis. Rapid heating is realized from sonication
of a liquid, similar to microwave-induced heating. Ultrasound provides strong
mechanical forces that can disperse reactants easily and evenly. During the son-
ication of a liquid, cavitation forms from the implosive collapse of bubbles,
resulting in localized hot spots with effective temperature as high as 5000 K and
lifetimes of a few nanoseconds or less [72]. Thus, chemical reactions mostly take
place inside the bubbles. However, the extremely rapid cooling rate accompa-
nying the process greatly favors the synthesis of amorphous nanoparticles. The
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FIGURE 2.43 Transmission electron images of the gold nanoparticles prepared in (i) 60,

(ii) 70, (iii) 80, and (iv) 90% oleic acid [178]. (Reprinted with permission from Mohamed MB,

AbouZeid KM, Abdelsayed V, Aljarash AA, El-Shall MS. Growth mechanism of anisotropic

gold nanocrystals via microwave synthesis: formation of dioleamide of gold nanocatalysis.

ACS Nano 2010;4:2766–2772, Copyright 2010, American Chemical Society.)

shape and size of the nanoparticles can be controlled by adjusting the power of
the ultrasonic irradiation.

Ultrasound is used to facilitate the hydrolysis of zinc and iron acetates, form-
ing zinc ferrite nanoparticles with a uniform size of about 4 nm [181]. Ultrasonic
irradiation of an aqueous solution also facilitates the precipitation and synthe-
sis of needle-shaped hydroxyapatite nanoparticles [182]. Hausmannite (Mn3O4)
nanoparticles are prepared by ultrasound in various media under ambient condi-
tions without any additives. The synthesis is carried out by direct sonication of
manganese acetate in water. Nanoparticles with high crystallinity and size <4 nm
are obtained after 3 minutes of sonication [183]. CdS/TiO2 core/shell nanopar-
ticles are made by microemulsion under ultrasound [184]. TiO2 and CdS in the
resulting particles are anatase and hexagonal, respectively. The TiO2 coating
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FIGURE 2.44 X-ray diffraction patterns of the prepared CdS/TiO2 composite at differ-

ent sonication times (mole ratio = 2.5) [184]. (Reprinted with permission from Ghows N,

Entezari MH. Fast and easy synthesis of core–shell nanocrystal (CdS/TiO2) at low temperature

by microemulsion under ultrasound. Ultrason Sonochem 2011;18:629–634, Copyright 2011,

Elsevier.) (For a color version of this figure, see the color plate section.)

thickness on CdS nanoparticles can be controlled. Figure 2.44 shows the X-ray
diffraction patterns of the nanocomposites at three different times of sonication.
After 30 minutes of sonication, the particles are mostly amorphous. By increas-
ing the time of sonication to 90 minutes and 120 minutes, the X-ray diffraction
peaks become sharper and indicate increased crystallinity. Compared to conven-
tional synthesis, which requires thermal treatment at 673–723 K to induce and
improve the crystallinity of the deposited layer, sonochemical synthesis is more
effective as it takes advantage of the ultrasonic power for the crystallization of
TiO2 and CdS. Crystalline TiO2 can be formed in the dispersion and inherently
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bind to CdS particles without any post thermal treatment. The average parti-
cle size is about 8 nm from the half-width of the X-ray diffraction peak of the
(101) plane.

The enhancement of the crystal phase of the composite in the presence of
ultrasound can be explained according to the cavitation process. The chemical
and physical effects of ultrasound arise from acoustic cavitation. When a bubble
is formed in the microemulsion system, there is a possibility for small droplets
of oil to accumulate at the interface of the bubble produced by ultrasound.
This behavior arises from the higher tendency of the oil droplets to interact
with the bubble interface than with the water phase. The implosion of a bubble
generates many local hot spots in the solution and promotes the reactions. The
formation, growth, and crystallization of composite nuclei are accelerated under
these conditions. The high temperature produced during the cavitation facilitates
the crystallization of the product. The hot spots produced during the sonication
play the same role as the calcination process.

The advantages of the ultrasound-assisted technique include chemical ho-
mogeneity and reactivity through mixing at the atomic level, better disper-
sion even without a surfactant or a dispersant, and high crystallinity of
nanoparticles.

2.4.4.6 Radiation-Assisted Synthesis In radiation-assisted nanoparticle
synthesis, a source of radiation is employed to produce monodispersed nanopar-
ticles. Absorption of ionizing radiation in aqueous solutions leads to radiolysis
of water and creation of reactive radicals and ion-radicals [185]:

H2O −−−−−−−→
radiation

e−
aq, H3O+, • H, • OH. (2.39)

The main reducing species are solvated electron eaq- and •H, whereas •OH rad-
icals exhibit strong oxidative properties. Therefore, it is necessary to introduce
•OH scavengers into the solution. Formate anion or propan-2-ol serves as con-
venient •OH scavengers, forming strong reductive radicals from both •OH and
•H. Presence of dissolved oxygen in water may seriously affect the processes
following radiolysis of water by converting reducing species into oxidative (O2

−,
HO2) and also reacting with already formed particles.

Radiolytic reduction is used widely in metal nanoparticle synthesis. Nickel
catalyst is synthesized by adsorbing Ni2 + ions onto a CeO2 support followed
by γ -irradiation under a wet condition at room temperature [186]. Highly sta-
ble colloidal silver nanoparticles are formed in a suspension using a 60Co γ -ray
source. The average silver nanoparticle size is about 12.8 nm. Other examples
of radiolytic reduction include the preparation of palladium nanoparticles from
PdCl2 under 60Co radiation with a resulting average particle size of 16–45 nm
[187]. Besides metals, radiolysis has been proven to be an adequate technique to
produce extremely small and monosized semiconductor nanoparticles. Monodis-
persed ZnS nanoparticles with 1.5 nm diameter are synthesized by γ -irradiation
of an aqueous solution containing Zn2 + and thiol (HOCH2CH2SH). Irradiation
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dose has an important effect on the ZnS particle size. Compared to ZnS prepared
by chemical methods, the particle size of ZnS formed by irradiation is smaller.
Nano-sized spherical copper and octahedral Cu2O are successfully synthesized
by radiation- or photo-induced reduction in Cu2 + aqueous solutions contain-
ing 10−3 mol dm−3 copper sulfate or formate, 1.3 mol dm−3 propan-2-ol, and
polyvinyl alcohol (as a stabilizer). The solutions are irradiated by 60Co γ -rays
(dose rate 70 Gy h−1) [185]. An increase in the initial copper concentration to 10−2

mol dm−3 results in the formation of a different reaction product–octahedral Cu2O
nanoparticles.

One advantage of radiation-assisted synthesis is that nanoparticles can be made
at room temperature so various thermally unstable substances may be used. Other
advantages include monodispersed and ultrasmall particle sizes. Particle shape
and size can be controlled by varying the applied irradiation dose or dose rate.
In a homogeneous radiation field, particles with narrow size distribution may
be formed.

2.4.4.7 Electric Field-Assisted Synthesis Less commonly, nanoparti-
cles can be formed by electrochemical reduction at the cathode or oxidation at
the anode, which contains the interested species that forms nanoparticles. More
often, the anode acts as the sacrificial electrode to provide metal ions. Particle
size can be controlled by adjustment of current density.

For pure platinum nanoparticle synthesis, water- and oxygen-free solvents
are used under an argon atmosphere [188]. The electrolyte consists of tetraalky-
lammonium salts, which also serve as stabilizers for the metal clusters. In the
overall process, the bulk metal is oxidized at the anode, the metal cations mi-
grate to the cathode, and reduction takes place again with the formation of metal
nanoparticles. Undesired agglomeration of metal nanoparticles is prevented by
the presence of ammonium stabilizers:

Anode: Mbulk → Mn+ + ne− (2.40)

Cathode: Mn+ + ne− + stabilizer → Mparticle/stabilizer. (2.41)

Using the electrochemical method, spherical Cu2O nanoparticles with an av-
erage size of 35 nm are successfully synthesized [189]. The experiment proceeds
at a constant current in a NaCl solution with copper slivers as electrodes. Cu2O
nanoparticles are formed on the anode side, while on the cathode side water
is reduced to hydrogen. Au–Ag alloy nanoparticles with different atomic ratios
are synthesized using electrochemical co-reduction in Au- and Ag-containing
chemicals in an aqueous solution with and without the presence of PVP [190].
The average particle size is <20 nm with the presence of PVP. Electrochemi-
cal reduction creates nanoparticles with a homogeneous distribution. A proper
amount of PVP helps to produce nanoparticles with smaller average size and
prevent agglomeration. Cobalt nanoparticles of 2 nm average size are synthe-
sized by adjusting current density [191]. Aggregation and oxidation are avoided
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by a surfactant combination of triphenylphosphine and oleic acid. At sufficiently
anodic potentials in alkaline media, an iron anode is directly oxidized to FeO4

2−,
and thus BaFeO4 is formed [192]. The underlying reaction is

Fe + 8OH− → FeO2−
4 + 4H2O + 6e−. (2.42)

The process occurs at potentials >0.6 V versus the standard hydrogen electrode
followed by precipitation:

Na2FeO4 + Ba(OH)2 → BaFeO4 + 2NaOH. (2.43)

In addition to a persistent direct current, cycling potential can be applied on
a sacrificial anode to make nanoparticles. For example, copper is used as a raw
material in the presence of Na2S and polyvinylalcohol (PVA). Cu2S nanoparticles
are synthesized by cyclic voltammetry between 0.10 and 1.50 V with polyviny-
lalcohol as a stabilizer. The results show that electrochemically synthesized Cu2S
nanoparticles are homogeneously dispersed and well separated from one another
with a mean diameter of about 12 nm [193].

Overall, electric field-assisted synthesis is a niche process for nanoparticles.
The amount of particles produced is generally low.

2.5 SOLID NANOPARTICLE SYNTHESIS

Solid-state nanoparticle synthesis is not as common and can be broadly divided
into milling and reaction between solids.

2.5.1 Milling

Milling is a high-energy process that either breaks down large particles to nano
size or induces reactions in mixtures by providing high mechanical forces (im-
pact and shear). It is one of the oldest processes of making nanoparticles. El-
emental powders or compounds can be used as starting materials. Amorphous,
crystalline, and composite nanoparticles can be synthesized. Milling has been
a popular method to make nanoparticles because of its simplicity, relatively in-
expensive equipment, and applicability to essentially all classes of materials.
It produces nanoparticles not by ion/molecule/cluster addition but by structure
fragmentation or reaction initiation. The mechanism of milling is fairly com-
plex and does not lend itself easily to rigorous theoretical analysis due to its
dynamic nature.

Magnetically hard PrCo5 nanoparticles are produced by surfactant-assisted
high-energy milling of PrCo5 alloy with steel balls. Heptane is used as the milling
medium and oleic acid as the surfactant. The use of the surfactant leads to the
dispersion of the crushed particles and prevents them from rewelding during the
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milling process. The milled powders consist of nanoparticles with an average
size of 8–10 nm [194]. The coercivity increases with milling time increase and
particle size decrease with a value of 6.8 kOe after 12 hours of milling, mainly
attributed to the use of oleic acid as the surfactant. However, for SmCox (x =
3.5, 4, 5, 6, 8.5, and 10) magnetic nanoparticles prepared by surfactant-assisted
ball milling of larger-sized SmCox alloy particles, the coercivity decreases with
particle size decrease, indicating a complex effect of particle size and composition
on magnetic hardening of the nanoparticles [195].

Nanoparticles of iron, cobalt, FeCo, SmCo5, and NdFeB with sizes smaller
than 30 nm and narrow size distributions are successfully prepared by ball milling
of large-sized powders in the presence of surfactants and organic milling media.
The iron and FeCo nanoparticles prepared are close to spherical, whereas those
of cobalt, SmCo5, and Nd–Fe–B show elongated rod shapes. The fracture of
large particles along preferred crystalline orientations and nanoparticle growth
under local heating from milling are key factors for the creation of different par-
ticle shapes. Cobalt, SmCo, and Nd–Fe–B have hexagonal close-packed struc-
tures, while iron and FeCo have body-centered cubic structures. This explains
the difference in nanoparticle shapes. All these nanoparticles show ferromagnetic
behaviors at low temperatures [196]. Figure 2.45 shows iron and SmCo5 nanopar-
ticles after ball milling for different times. For iron nanoparticles, the particle size
decreases with milling time. However, SmCo5 particles become more elongated
as milling time increases.

As can be seen, all the above ball-milling processes use certain surfactants and
often organic carrier liquids. These measures can effectively prevent the species
from oxidation and agglomeration/rewelding.

In addition to simply breaking down large-sized particles, mechanical alloying
was developed in the 1960s by Benjamin and coworkers for producing oxide-
strengthened alloys [197]. It is a high-energy ball-milling process and involves
repeated deformation, fracturing, and welding of mixed metal powders to produce
a homogeneous phase. During the high-energy ball-milling process, metal par-
ticles are repeatedly flattened, cold-welded, fractured, and rewelded. Typically,
when two grinding balls collide, around 1000 particles with an aggregate weight
of ∼0.2 mg are trapped in-between them during each collision. The force of the
impact plastically deforms particles, resulting in work hardening and fracture.
However, the new surfaces created may enable the particles to weld together,
thereby increasing obtainable particle sizes. Varying the milling time of Ni–Ti
powder can produce a lamellar structure, an amorphous alloy, or an intermetallic
powder [198]. Equimolar nickel and titanium powder is milled for 10 hours using
a Szegvari attritor, and a homogeneous lamellar structure forms. The thickness
of these layers is difficult to quantify, since a higher magnification of each rich
phase region reveals a nanostructured lamellar within that phase. These regions
contain lamellar thicknesses between 10 and 70 nm. Strictly speaking, mechani-
cal alloying cannot produce discrete nanoparticles. It mainly produces nanoscale
mixing (alloying) of different species.
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(a) (b)

(c) (d)

20 nm 20 nm

20 nm 20 nm

FIGURE 2.45 Transmission electron images of nanoparticles prepared by milling iron pow-

ders for (a) 1 hour and (b) 5 hours, and by milling SmCo5 powders for (c) 5 hours and (d)

25 hours [194]. (Reprinted with permission from Chakka VM, Altuncevahir B, Jin ZQ, Li

Y, Liu JP. Magnetic nanoparticles produced by surfactant-assisted ball milling. J Appl Phys

2006;99:08E912-1-3, Copyright 2006, American Institute of Physics.)

Chemical reaction(s) may occur and new composition (single or multi-
component) nanoparticles may be synthesized during milling. This is termed
mechanochemical milling. Silicon nanoparticles are synthesized by ball milling
of graphite and SiO2 powders:

C(graphite) + SiO2 → Si + CO2. (2.44)

The solid-state reaction leads to the formation of silicon nanoparticles [199].
The process can be easily scaled up. Ti3Al–SiC is obtained by milling titanium,
aluminum, and SiC powders [200]; WC–MgO by milling magnesium, carbon, and
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WO3 powders in argon [201]; TiC–Al2O3 by milling titanium, carbon, and Al2O3

[202]; and CeO2 by milling 2CeCl3 · 6H2O(s) and 3Na2CO3 · 10H2O(s) followed
by calcination [203]. Co3O4 nanoparticles are synthesized by thermal treatment
of the precursor obtained via mechanochemical reaction of Co(NO3)2 · 6H2O
with NH4HCO3. Calcination of the precursor at 300◦C results in the formation
of Co3O4 nanoparticles of 13 nm size [204]. CdO nanoparticles of 43 nm size are
successfully synthesized by mechanochemical reaction of CdCl2 and Na2CO3

with NaCl as a diluent and subsequent thermal treatment at 700◦C for 2 hours
[205]. TiO2 is synthesized by milling titanyl sulfate (TiOSO4 · xH2SO4 · yH2O)
with NaCl as the diluent phase in a planetary ball mill under argon atmosphere at
400 rpm. The TiO2 nanoparticles synthesized have an equiaxed shape with a mean
size in the range of 15–50 nm [206]. PbSe nanoparticles are mechanochemically
synthesized by high-energy milling of lead and selenium powders in a planetary
ball mill in an argon atmosphere:

Pb + Se → PbSe. (2.45)

The reaction is thermodynamically favorable because of the negative value of
enthalpy change (�H ◦

298 = 100 kJ mol–1). X-ray diffraction analysis confirms
that mechanochemical synthesis is complete after 7 minutes of milling and re-
veals a crystalline nature of such prepared PbSe nanoparticles. The average size
of PbSe nanoparticles is 37 nm [207]. However, agglomeration of PbSe parti-
cles is an issue. Cobalt ferrite nanoparticles are prepared by the combination
of chemical precipitation, mechanical alloying, and subsequent heat treatment.
Sodium chloride (NaCl) is added in order to avoid agglomeration. Cobalt ferrite
phase forms directly during the mechanical milling of the precipitated hydrox-
ide/oxidhydroxide precursor. The nanoparticles have a fairly uniform structure
and a mean particle size of ∼10 nm [208].

High-energy ball milling of a micron-sized titanium and TiC powder mixture
is used to prepare TiC/Ti nanocomposites. The system embodies both ductile
metallic (from titanium) behaviors and brittle ceramic (from TiC) behaviors dur-
ing the milling process. Upon increasing the milling time, titanium experiences
a successive structural change from hexagonal close-packed (5 hours) to face-
centered cubic (10 hours) and finally to an amorphous state (∼15 hours). The
hydrostatic stresses caused by the excess free volume at the grain boundaries are
calculated to be 3.96 and 5.59 GPa for titanium in 5 and 10 hour milled powders,
respectively, which is responsible for the hexagonal close-packed to face-centered
cubic polymorphic change. The amorphization of the titanium constituent is due
to the large defect concentration induced by severe plastic deformation during
milling. At the same time, TiC particles are fragmented and comminuted. These
fragmented TiC nanoparticles are occluded by the ductile titanium constituent
and trapped in the titanium particles. For a milling time above 25 hours, particle
characteristics and chemical compositions become stable. The competitive ac-
tion and the final equilibrium between fracturing and cold welding account for
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FIGURE 2.46 Schematic diagram of the structural development during milling of TiC/Ti

nanocomposite powder [209]. (Reprinted with permission from Gu D, Meiners W, Hage-

dorn Y-C, Wissenbach K, Poprawe R. Structural evolution and formation mechanisms of

TiC/Ti nanocomposites prepared by high-energy mechanical alloying. J Phys D: Appl Phys

2010;43:135402-1-1, IOP Publishing, Inc.) (For a color version of this figure, see the color

plate section.)

the microstructural evolution. The ball-milled products are composite nanopar-
ticles consisting of a nanocrystalline/amorphous titanium matrix reinforced with
uniformly dispersed TiC nanoparticles. An illustration of the milling process is
shown in Figure 2.46. Initially, both titanium and TiC break up during the milling
process; TiC is encapsulated in the ductile matrix. As the milling continues, TiC
continues to fracture, while the titanium particles reweld together under severe
plastic deformation. With further milling, titanium fractures again because of
work hardening. There can even be some TiC sintering. In the end, a steady
state is established between the rate of fracturing and the rate of cold welding of
titanium, as well as the rate of fracture and the rate of TiC sintering. The finest
sizes for the titanium and TiC constituents are 17.2 nm (after 10 hours of milling)
and 13.5 nm (after 20 hours of milling) [209].

Electric discharge-assisted mechanical milling of Co–WC results in a range
of products, including micron and submicron fracture products, nanostructural
regions of cobalt and WC, and carbon-rich nanorods and nanotubes [210]. Silicon
nanoparticles and chemical passivation of the particle surfaces by alkyl/alkenyl
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groups covalently linked through strong Si–C bonds are simultaneously achieved
by mechanical milling. The ongoing impacts and collisions of the milling media
during high-energy ball milling impart a significant amount of mechanical energy
to the system, which causes the silicon pieces to fracture, thus reducing particle
size and creating a fresh silicon surface. The newly created surface is highly
reactive and provides sites for direct reaction between the silicon and the alkene
or between the silicon and alkyne through surface radicals and reactive Si = Si
bond sites [211].

Milling can also be carried out at cryogenic temperatures with liquid nitrogen
flow, which increases fracture events and thus enhances lamellar formation [212].
One major concern for the milling technique is contamination from the wear
debris of the milling media and/or the container, which is especially severe in the
high-energy ball-milling process.

2.5.2 Reactions between Solids

Solid-state reactions have a very long history in powder synthesis. They are tra-
ditionally carried out by mixing two solid reactants and increasing temperature,
which allows for reactions to occur. There are four steps in a typical reaction:
diffusion, reaction, nucleation, and growth. This approach is convenient, inexpen-
sive, and high yielding. The drawbacks of solid-state reaction are that the process
is slow and cannot be easily quantified. The reaction involves only interfacial
atoms, and the diffusion may limit the reaction substantially. Ni–B amorphous
alloy is prepared by a solid–solid reaction of nickel chloride (NiCl2) and potas-
sium borohydride (KBH4) powders at room temperature, and an average diameter
of 15–25 nm is obtained. Bismuth (or antimony) metal nanoparticles are prepared
by a direct reaction of BiCl3 (or SbCl3) and KBH4 [213]. Oxide nanoparticles
(SiO2, CeO2, SnO2) are successfully synthesized by solid-state reactions at am-
bient temperature [214]. Oxides (CuO) and sulfides (CuS, ZnS, CdS, PbS) are
prepared at ambient temperatures through rapid (10 seconds to 30 minutes), self-
propagating solid-state reactions of hydrated transition metal salts with NaOH
and Na2S·9H2O, respectively. Such reactions give spherical products of uniform
size and shape (10–80 nm) with over 90% yields [215]. ZnO nanoparticles are
synthesized by a one-step solid-state reaction using ZnSO4·7H2O and NaOH as
the starting materials. The nanoparticles are hexagonal phase ZnO, mostly in
round shapes with a minority of rod shapes and a mean grain size of about 40 nm
[216]. By calcining a powder mixture of Al(OH)3 and MgSO4 at 800◦C and
washing with water, single-phase MgAl2O4 spinel nanoparticles are prepared.
The obtained MgAl2O4 spinel nanoparticles have an average particle size of
12 nm, a narrow size distribution, and weak agglomeration. The specific surface
area of the MgAl2O4 spinel powder is 110 m2 g−1. The formation of MgAl2O4

spinel is attributed to a solid-state reaction between γ -Al2O3 and MgSO4 [217].
MgSO4 acts as a reactant as well as a diffusion barrier to avoid agglomeration and
excessive particle size increase. Figure 2.47 shows MgAl2O4 spinel obtained by
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FIGURE 2.47 Transmission electron micrograph of MgAl2O4 spinel nanoparticles obtained

by calcining Al(OH)3) and MgSO4 powder mixture at 800◦C for 2 hours [217]. (Reprinted

with permission from Su X, Du X, Li S, Li J. Synthesis of MgAl2O4 spinel nanoparticles using

a mixture of bayerite and magnesium sulfate. J Nanopart Res 2010;12:1813–1819, Springer

Science + Business Media, Fig. 3.)

calcining the powder mixture of Al(OH)3) and MgSO4 at 800◦C for 2 hours. The
nanoparticles are equiaxed and have a polyhedral morphology. Some nanopar-
ticles are well separated, and some nanoparticles form agglomerates. Uniform
β-SiC nanoparticles are synthesized from the reaction of silicon (Si) and car-
bon black (C). Mixed silicon and carbon black powders are pressed into pellets,
and the influence of temperature (1250◦C, 1300◦C, and 1350◦C), heating rate
(20◦C min−1 and 50◦C min−1), soaking time (1 hour and 3 hours), and atmo-
sphere (vacuum and argon) are studied. Si–C reaction occurs through gas–solid
(SiO–C) and solid–solid (Si–C) reactions that occur simultaneously [218]. Higher
temperature, higher heating rate, and longer soaking time in a vacuum system
lead to lower free silicon content in the SiC nanoparticles. Temperature has the
greatest influence on the silicon content. Because of the simple operation, it is
well suited for large-scale production.

To improve the quality of nanoparticles, the fine scale of mixing and
size/agglomeration control needed for nanoparticles requires modification of
the solid reaction process. This is often achieved by using a gas stream or liquid
suspension for mixing and reaction without post processing. The preparation
of SiO2 nanoparticles through solid-fed flame synthesis is investigated exper-
imentally and theoretically. SiO2 nanoparticles are formed by the nucleation,
coagulation, and surface growth of the generated SiO2 vapors due to solid pre-
cursor evaporation [219]. A solid-state synthesis of nanocrystalline silicon is
performed by high-temperature reduction in commercial amorphous SiO2 with
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a magnesium powder. The obtained silicon powder contains a crystalline phase
with lattice spacings characteristic of diamond cubic structure and an amorphous
phase [220]. In order to obtain nano-sized silicon, SiO2 is first dispersed in an
aqueous suspension and then mixed with the magnesium powder before being
heated in a nitrogen atmosphere to 520–750◦C. AgX (X: Br, Cl) nanoparticles
of 3.0–4.5 nm are synthesized by mixing two dry dispersions of AgNO3 and
KX nanoparticles in sodium bis(2-ethylhexyl) sulfosuccinate (AOT)/n-heptane
solutions. The formation of nano-sized particles takes place after the mixing pro-
cess and is fast and complete. The AgX nanoparticle formation occurs through
redistribution of the AgNO3 and KX salts among the dry AOT reversed micelles,
leading to AOT/n-heptane solutions containing AgX nanoparticles at a relatively
high concentration. Confinement effects, attributed to surfactant adsorption and
the quantum size of the nanoparticles, are detected [221]. Because of the fine-scale
mixing and the self-terminating nature of the reaction, this process can achieve
much smaller size particles than milling alone. In addition to liquid, an inert salt
is used as a dispersant in the solid-state synthesis of CoFe2O4 nanoparticles us-
ing CoCl2·6H2O, FeCl3·6H2O, and NaOH as precursors [222]. The particle size
ranges from 8 to 20 nm. ZnS nanoparticles (a few angstroms) are synthesized
by a solid-solid reaction between Na2S and ZnSO4 nanoparticles in the confined
space of AOT reverse micelles. The reaction is performed by mixing two dry
AOT/n-heptane solutions, which contain Na2S and ZnSO4 nanoparticles, respec-
tively. This synthetic route has the specific advantage of using anhydrous systems
with a high nanoparticle concentration. From these systems, interesting AOT/ZnS
composites are prepared by simple evaporation of the organic solvent [223].

2.6 SUMMARY

Nanoparticle synthesis has advanced at an astounding pace in the past few
decades. Many new nanoparticles have been synthesized. Unique nanoparticle
structures and compositions have been reported. In this chapter, gas-phase synthe-
sis is discussed based on gas–gas reaction, gas–liquid reaction, and gas–solid reac-
tion. Gas-phase synthesis generally occurs at high temperatures. Since nanopar-
ticles come in contact during growth, agglomeration can be a serious issue.
The capabilities and potential issues for gas-phase synthesis are summarized in
Table 2.1. Liquid nanoparticle synthesis is the most preferred and widely used
approach for nanoparticle size and shape control. This mainly stems from the
much improved ability to control the nucleation and particle growth rates by me-
diating the atomic diffusion during the synthesis, such as by controlling reactant
species and concentration, temperature, and pressure. Liquid nanoparticle syn-
thesis also has the intrinsic advantage of separating the synthesized nanoparticles
and avoiding agglomeration. It generally includes fundamental methods, con-
finement methods, composite nanoparticle synthesis, and field-assisted nanopar-
ticle synthesis. The capabilities and potential issues for gas-phase synthesis are
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summarized in Table 2.2. Solid-state synthesis has similar issues as gas-phase
synthesis and includes milling and solid-state reaction. The process is simple,
low cost, and can be easily scaled up. However, it is not widely practiced because
of the difficulty of nanoparticle size and separation control. The capabilities and
potential issues for solid-state synthesis are summarized in Table 2.3.

For future nanoparticle synthesis advancement, the challenges lie in large-
quantity production. Many nanoparticles have been synthesized in the milligram
to gram scale; it remains an extremely challenging task to produce a large quan-
tity of nanoparticles with the same size, shape, crystallinity, and purity. Also,
batch-to-batch consistency needs to be adequately addressed for large-scale and
sustainable advancement of nanoparticle synthesis. To improve the fundamental
understanding and thus obtain better control of the process, predictive models are
needed for optimization of nanoparticle synthesis conditions, surface structure
and activity, and electronic and transport properties. A more comprehensive un-
derstanding of nanoparticle synthesis will help to identify the desired synthesis
conditions for a specific set of properties. Furthermore, it will enable better pre-
dictive capabilities for nanoparticle applications, such as catalysis, self-assembly,
and bulk processing.

TABLE 2.1 Capabilities and Potential Issues for Gas-Phase Synthesis

Process Capabilities Potential issues References

Gas–gas Single-step production,

inorganic and

easy-to-obtain precursors,

high-purity nanoparticles,

potential for large-scale

production with a high

yield, good thermal

stability nanoparticles.

Nucleation and growth stages

must be separated. Poor

particle size distribution

control, aggregation/

coalescence of particles.

9–49

Gas–liquid Flexibility in producing

nanoparticles of various

compositions and

morphologies, highly pure

nanoparticles, scalable

techniques, simpler and

effective way to generate

well-defined nanoaerosols.

Agglomeration is almost

unavoidable, broad

distribution of particle

sizes.

50–52

Gas–solid Can make solid as well as

hollow particles.

Limited work in the area,

reaction cannot be easily

controlled to maintain

nanoparticle size,

agglomeration.

53



TABLE 2.2 Capabilities and Potential Issues for Liquid-Phase Synthesis

Process Capabilities Potential issues References

Fundamental

method

Precipitation A vast variety of nanoparticles can be

made. For aqueous systems, simple,

inexpensive, and can be used to

synthesize single or multicomponent

nanoparticles. For nonaqueous systems,

excellent crystallinity, monodispersity,

and high-purity nanoparticles.

Different rates of precipitation for different

components can result in deviation from

homogeneous precipitation.

Nanoparticles are usually amorphous.

Hydroxides or carbonates can be

precipitated from the solution and have

to be removed by post synthesis thermal

processes. For aqueous systems,

nucleation and growth need to be

carefully controlled. For nonaqueous

systems, use of expensive and sometimes

toxic organics, sensitivity to moisture,

and complicated experimental setups,

barriers for large quantity synthesis.

54–68

Metal salt

reduction

Can produce nanoparticles in a high rate.

Pure, well-controlled nanoparticle

formation with desired crystallinity.

Not all metals can be synthesized with the

metal salt reduction technique.

Agglomeration can also occur because

of the high reaction rate. Reaction

process can be complicated and the

reaction by-products can be toxic.

62, 69–77

Hydrolysis Can synthesize a wide range of chemical

compositions. For sol–gel synthesis,

high-purity and controllable size

nanoparticles. The nanoparticles can be

single or complex oxides.

Experimental conditions need to be

carefully controlled in order to obtain

desired particle size. The morphology of

final particles is hard to predict.

Nanoparticle growth and agglomeration

during calcination.

78–94

(Continued)

1
1

1



TABLE 2.2 (Continued)

Process Capabilities Potential issues References

Solvothermal

synthesis

Precise control over the particle size,

shape, and distribution while facilitating

the crystallinity development of

nanoparticles, no calcination required.

Hydrothermal synthesis also enables the

elimination of mineralizers that can

induce impurities into nanoparticles.

Highly pure phase and narrow particle

size distribution can be obtained.

Hydrothermal synthesis requires the

composition be precisely determined

and controlled in advance; the materials

need to be as fine and pure as possible

and form a homogeneous system. For

nonaqueous solvothermal synthesis,

toxic species are involved, and starting

materials are expensive.

95–106

Cryochemical

synthesis

Ideal technique to synthesize species that

have only a fleeting existence because of

their high reactivity and instability at

higher temperatures.

More often used as an intermediate state of

nanoparticle synthesis. It is very rare to

directly obtain nano-sized crystalline

particles by this method alone.

107–113

Confinement

method

Spray pyrolysis Avoid phase separation and improve

homogeneity at the molecular level.

Multicomponents are homogeneously

mixed at the atomic level from the

beginning, and the high temperature

facilitates the formation of crystalline

nanoparticles. Spray pyrolysis also has

the advantages of low cost, simplicity,

and being effective in controlling the

size and shape of the formed particles.

Well-controlled morphologies and

compositions are produced; starting

materials used are common, inexpensive,

and compatible with nonaqueous media.

A wide particle size distribution, limited to

certain materials due to the thermal

stability issue at high pyrolysis

temperatures; no pure metal

nanoparticles are synthesized using this

technique. Diffusion bonding induces

nanoparticle agglomeration and

undesired phase transformation.

114–127

1
1

2



Solventless

synthesis

Solventless synthesis offers narrow

particle size distribution and

well-controlled particle shapes.

Toxic chemicals and high synthesis

temperatures are involved.

128–133

Composite

nanoparticle

synthesis

Core/shell structure Controlled distribution of the involved

phases on a nanometer scale. Core

particles and the shells may have

different properties, and allows for a

combination of properties in one

particle.

Small quantity, compatibility between

the core and shell species necessary.

134–144

Electroless

synthesis

Produce uniform metal layers on

nanoparticle surfaces.

Nucleation sites should be controlled

for desired nanoparticle morphology

and uniform coating layer.

Composition and structure of the

coating should be carefully

controlled. Oxidation of the metallic

coating layer is possible.

145–149

Templating Nanoparticle size, shape, distribution,

and physical and chemical properties

can be fine tuned. Strategy for

template-based nanoparticle

synthesis is wide ranging.

Avoid defect formation and suppress

particle growth. Sufficient chemical

and interfacial complementarity

between the template and the

nanoparticles is often necessary.

150–156

Bio-based synthesis Nanoparticle morphology may be tuned

based on the ratio of nanoparticle

forming species to the bio-templates.

Mostly composites. Self-standing

nanoparticle synthesis through this

approach has not been pursued.

157–161

(Continued)

1
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TABLE 2.2 (Continued)

Process Capabilities Potential issues References

Field-assisted

nanoparticle

synthesis

Micelle synthesis No special apparatus or extreme

temperature/pressure conditions.

Nanoparticle growth process is

self-limiting. Well-accepted method for

nanoparticle size and morphology control.

Uses standard, commercially available, and

relatively inexpensive chemicals. The

synthesis can reproducibly yield

monodispersed nanoparticles.

Micelle size has a fundamental

impact on the particle size.

162–169

Laser-assisted

synthesis

Both simple and complex compositions can be

obtained. Suitable for metals,

semiconductors, and insulators. Fast

processing time. Relatively low cost of the

equipment and high efficiency.

Morphology control, limited

quantity.

170–172

Plasma-assisted

synthesis

Low cost, ease to use, and ability to produce

higher purity nanoparticles.

Agglomeration. 173, 174

Microwave-assisted

synthesis

Rapid and uniform heating of the reaction

mixture. Small particle size, narrow size

distribution, and very short reaction time.

High efficiency with respect to energy

consumption

Temperature measurement and

control can be difficult.

175–180

Sonication-assisted

synthesis

Rapid heating, ability to disperse reactants

easily and evenly. Chemical homogeneity

and reactivity through mixing at the atomic

level.

Amorphous particles. Need special

effort to crystallize particles.

73, 181–184

Radiation-assisted

synthesis

Room temperature synthesis, monodispersed

and ultra-small particle sizes. Various

thermally unstable substances may be used.

Radiation may pose environmental

and experimental condition

concerns.

185–187

Electric

field-assisted

synthesis

Well-controlled and dispersed nanoparticles. Special materials, low quantity. 188–193

1
1
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TABLE 2.3 Capabilities and Potential Issues for Solid-State Synthesis

Process Capabilities Potential issues References

Milling Amorphous, crystalline,

composite

nanoparticles can be

synthesized. Simplicity.

Inexpensive equipment.

Applicability to

essentially all classes of

materials.

Particle oxidation,

agglomeration, and

rewelding.

Contamination from the

wear debris of the

milling media and/or

the container.

194–212

Reaction

between

solids

Simple operation. Suited

for large-scale

production.

Inhomogeneous mixing of

reactants. Inefficient

reaction process.

213–223

QUESTIONS

1. Compare synthesis of metallic nanoparticles, semiconductor nanoparticles,
and oxide nanoparticles, what are the differences in precursors, solvents,
temperatures, nucleation process, growth process, polymeric stabilizers, and
the resultant particle size distribution and stability? Please give examples to
support your discussion. You are encouraged to make a table for comparison.

2. Nanoparticle synthesis can be divided into two stages: nucleation and growth.
a. If it is required that uniform size and shape particles be obtained, nucle-

ation should occur in what manner?
b. What can be done to achieve such nucleation (give two approaches)?
c. Particle growth should occur in what manner?
d. What can be done to achieve such growth (give two approaches)?

3. For silver nanoparticle synthesis, if your friend is getting larger than desired
average particle size and wide particle size distribution. Please help him/her
out by providing suggestions to minimize these issues.

4. How should you control the reactant concentrations during nucleation and
growth for narrow particle size distribution? How should you control the
viscosity of the liquid system? What else can you do in either nucleation or
particle growth process?

5. During nanoparticle growth process, what particle growth mode pro-
duces the largest particle size distribution? Surface-controlled mononu-
clear growth, surface-controlled polynuclear growth, or diffusion-controlled
growth? Mathematically explain why?

6. Explain the key differences between physical vapor synthesis and chemical
vapor synthesis.

7. What is the mechanism of laser ablation in nanoparticle synthesis?
8. What are the advantages and disadvantages of vapor-phase nanoparticle

synthesis?
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9. In liquid nanoparticle synthesis, temperature and water contents are two main
factors that can be adjusted. Explain how different fundamental methods of
liquid nanoparticle synthesis fall into this category?

10. Nanoparticle synthesis conditions can be kinetically controlled in order to
tailor nanoparticle sizes. They are exemplified by spray pyrolysis and sol-
ventless synthesis. Explain how particle size control is realized in each of
these techniques?

11. How can one synthesize core–shell nanoparticles? What are the advantages
of such nanoparticle structures?

12. Why can synthesis inside micelles and microemulsion produce small size
(nano size) particles?

13. Many field-assisted synthesis techniques are devised in recent years. Based on
the special field used, provide examples that rely on additional heat source
to facilitate nanoparticle formation and growth and examples that rely on
physical separation of species. Explain how each process works in detail.

14. Choose three of your favorite liquid nanoparticle synthesis techniques de-
scribed in this chapter, explain why you choose them?

15. Solid-state nanoparticle particle synthesis is not an actively pursued field,
why?
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128. Audrey H, Stéphane S, Christian G, Anne J. Synthesis and encapsulation of yttria stabi-

lized zirconia particles in supercritical carbon dioxide. J Eur Ceram Soc 2006;26:1195–

1203.

129. Larsen TH, Sigman M, Ghezelbash A, Doty RC, Korgel BA. Solventless synthesis of

copper sulfide nanorods by thermolysis of a single source thiolate-derived precursor.

J Am Chem Soc 2003;125:5638–5639.

130. Sigman MB, Ghezelbash A, Hanrath T, Saunders AE, Lee F, Korgel BA. Solventless

synthesis of monodisperse Cu2S nanorods, nanodisks, and nanoplatelets. J Am Chem

Soc 2003;125:16050–16057.



REFERENCES 123

131. Ghezelbash A, Sigman MB, Korgel BA. Solventless synthesis of nickel sulfide nanorods

and triangular nanoprisms. Nano Lett 2004;4:537–542.

132. Han YC, Cha HG, Kim CW, Kim YH, Kang YS. Synthesis of highly magnetized

iron nanoparticles by a solventless thermal decomposition method. J Phys Chem C

2007;111:6275–6280.

133. Scheeren CW, Machado G, Dupont J, Fichtner PFP, Texeira SR. Nanoscale Pt(0) particles

prepared in imidazolium room temperature ionic liquids: synthesis from an organometal-

lic precursor, characterization, and catalytic properties in hydrogenation reactions. Inorg

Chem 2003;42:4738–4742.

134. Murray CB, Kagan CR, Bawendi MG. Synthesis and characterization of monodis-

perse nanocrystals and close-packed nanocrystal assemblies. Annu Rev Mater Sci

2000;30:545–610.

135. Tom RT, Nair AS, Singh N, Aslam M, Nagendra CL, Philip R, Vijayamohanan K,

Pradeep T. Freely dispersible Au@TiO2, Au@ZrO2, Ag@TiO2, and Ag@ZrO2 core-shell

nanoparticles: one-step synthesis, characterization, spectroscopy, and optical limiting

properties. Langmuir 2003;19:3439–3445.

136. Cargnello M, Wieder NL, Montini T, Gorte RJ, Fornasiero P. Synthesis of dispersible

Pd@CeO2 core-shell nanostructures by self-assembly. J Am Chem Soc 2010;132:1402–

1409.

137. Zeng H, Li J, Wang ZL, Liu JP, Sun SH. Bimagnetic core/shell FePt/Fe3O4 nanoparticles.

Nano Lett 2004;4:187–190.

138. Bhattacharjee B, Hsu CH, Lu CH, Chang WH. Colloidal CdSe-ZnS core-shell nanopar-

ticles: dependence of physical properties on initial Cd to Se concentration. Phys E 2006;

33:388–393.

139. Pan DC, Wang Q, Jiang SC, Ji XL, An LJ. Synthesis of extremely small CdSe and highly

luminescent CdSe/CdS core-shell nanocrystals via a novel two-phase thermal approach.

Adv Mater 2005;17:176–179.

140. Haubold S, Haase M, Kornowski A, Weller H. Strongly luminescent InP/ZnS core-shell

nanoparticles. Chem Phys Chem 2001;2:331–334.

141. Chen CY, Cheng CT, Yu JK, Pu SC, Cheng YM, Chou PT, Chou YH, Chiu HT. Spec-

troscopy and femtosecond dynamics of type-II CdSe/ZnTe core-shell semiconductor

synthesized via the CdO precursor. J Phys Chem B 2004;108:10687–10691.

142. Marhuenda-Egea FC, Piera-Velazquez S, Cadenas C, Cadenas E. Reverse micelles in

organic solvents: a medium for the biotechnological use of extreme halophilic enzymes

at low salt concentration. Archaea 2002;1:105–111.

143. Elder SH, Cot FM, Su Y, Heald SM, Tyryshkin AM, Bowman MK, Gao Y, Joly AG,

Balmer ML, Kolwaite AC, Magrini KA, Blake DM. The discovery and study of nanocrys-

talline TiO2-(MoO3) core-shell materials. J Am Chem Soc 2000;122:5138–5146.

144. Aharoni A, Mokari T, Popov I, Banin U. Synthesis of InAs/CdSe/ZnSe core/shell1/shell2

structures with bright and stable near-infrared fluorescence. J Am Chem Soc

2006;128:257–264.

145. Chen YJ, Cao MS, Xu Q, Zhu J. Electroless nickel plating on silicon carbide nanoparti-

cles. Surf Coat Technol 2003;172:90–94.

146. Wang F, Arai S, Park KC, Takeuchi K, Kim YJ, Endo M. Synthesis of carbon

nanotube-supported nickel-phosphorus nanoparticles by an electroless process. Carbon

2006;44:1307–1310.

147. Arai S, Endo M, Hashizume S, Shimojima Y. Nickel-coated carbon nanofibers prepared

by electroless deposition. Electrochem Commun 2004;6:1029–1031.



124 NANOPARTICLE SYNTHESIS

148. Ang LM, Hor TSA, Xu GQ, Tung CH, Zhao SP, Wang JLS. Electroless plating of

metals onto carbon nanotubes activated by a single-step activation method. Chem Mater

1999;11:2115–2118.

149. Jha H, Kikuchi T, Sakairi M, Takahashi H. Palladium nanoparticle seeded electroless

metallization of Al/Al2O3 surfaces. Mater Lett 2009;63:1451–1454.

150. Gao Y-X, Yu S-H, Cong H, Jiang J, Xu A-W, Dong WF, Cölfen H. Block-copolymer-

controlled growth of CaCO3 microrings. J Phys Chem B 2006;110:6432–6436.

151. Jiang P, Liu ZF, Cai SM. Growing monodispersed PbS nanoparticles on self-

assembled monolayers of 11-mercaptoundecanoic acid on Au(111) substrate. Langmuir

2002;18:4495.

152. Chen C-C, Lin JJ. Controlled growth of cubic cadmium sulfide nanoparticles using

patterned self-assembled monolayers as a template. Adv Mater 2001;13:136.

153. Ziolo RF, Giannelis EP, Weinstein BA, Ohoro MP, Ganguly BN, Mehrotra V, Russell

MW, Huffman DR. Matrix-mediated synthesis of nanocrystalline gamma-Fe2O3 - a new

optically transparent magnetic material. Science 1992;257:219–223.

154. Xu SQ, Zhao XK, Fendler JH. Ultrasmall semiconductor particles sandwiched between

surfactant headgroups in langmuir-blodgett films. Adv Mater 1990;2:183–185.

155. Terasaki O, Yamazaki K, Thomas JM, Ohsuna T, Watanabe D, Sanders JV, Barry JC.

Isolating individual chains of selenium by incorporation into the channels of a zeolite.

Nature 1987;330:58–60.

156. Wang Y, Xu X, Tian ZQ, Zong Y, Cheng HM, Lin CJ. Selective heterogeneous nucleation

and growth of size-controlled metal nanoparticles on carbon nanotubes in solution. Chem

Eur J 2006;12:2542–2549.

157. An XQ, Cao CB, Zhu HS. Optical and photocatalytic properties of sulfide semiconductor

quantum dots (QDs) synthesized by silk fibroin template. Mater Lett 2008;62:2754–2757.

158. Kumar MNVR, Sameti M, Mohapatra SS, Kong X, Lockey RF, Bakowsky U, Linden-

blatt G, Schmidt H, Lehr CM. Cationic silica nanoparticles as gene carriers: synthesis,

characterization and transfection efficiency in vitro and in vivo. J Nanosci Nanotechnol

2004;4:876–881.

159. Jolley CC, Uchida M, Reichhardt C, Harrington R, Kang S, Klem MT, Parise JB,

Douglas T. Size and crystallinity in protein-templated inorganic nanoparticles. Chem

Mater 2010;22:4612–4618.

160. Ceolı́n M, Gálvez N, Sánchez P, Fernández B, Domı́nguez-Vera JM. Structural aspects

of the growth mechanism of copper nanoparticles inside apoferritin. Eur J Inorg Chem

2008; 2008:795–801.

161. Jakhmola A, Bhandari R, Pacardo DB, Knecht MR. Peptide template effects for

the synthesis and catalytic application of Pd nanoparticle networks. J Mater Chem

2010;20:1522–1531.

162. Pavlopoulou E, Portale G, Christodoulakis KE, Vamvakaki M, Bras W, Anastasiadis SH.

Following the synthesis of metal nanoparticles within pH-responsive microgel particles

by SAXS. Macromolecules 2010;43:9828–9836.

163. Lu J, Yi SS, Kopley T, Qian C, Liu J, Gulari E. Fabrication of ordered catalytically active

nanoparticles derived from block copolymer micelle templates for controllable synthesis

of single-walled carbon nanotubes. J Phys Chem B 2006;110:6655–6660.

164. Yu KMK, Meric P, Tsang SC. Micelle-hosted bimetallic Pd-Ru nanoparticle for in situ

catalytic hydrogenation in supercritical CO2. Catal Today 2006;114:428–433.

165. Zhang RB, Gao L. Preparation of nanosized titania by hydrolysis of alkoxide titanium in

micelles. Mater Res Bull 2002;37:1659–1666.



REFERENCES 125

166. Darbandi M, Lu WG, Fang JY, Nann T. Silica encapsulation of hydrophobically ligated

PbSe nanocrystals. Langmuir 2006;22:4371–4375.

167. Arriagada FJ, Osseo-Asare K. Synthesis of nanosize silica in a nonionic water-in-oil

microemulsion: effects of the water/surfactant molar ratio and ammonia concentration.

J Colloid Interface Sci 1999;211:210–220.

168. Osseo-Asare K, Arriagada FJ. Growth kinetics of nanosize silica in a nonionic water-in-

oil microemulsion: a reverse micellar pseudophase reaction model. J Colloid Interface

Sci 1999;218:68–76.
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CHAPTER 3

NANOPARTICLE CHARACTERIZATION

3.1 INTRODUCTION

The development potentials and performance to be achieved for nanoparticle-
based materials depend on a variety of state-of-the-art instruments and facilities
for characterization of these materials. After nanoparticles are successfully syn-
thesized, the first necessary step before any further processing or application is
characterization. For nanoparticle superstructure construction, shaping, and sin-
tering, the understanding of nanoparticle characterization is equally important.
This chapter serves the role of addressing the characterization issues for all these
processes, either the nanoparticles under examination are in discrete, dispersed,
or connected format. Because of the small size of nanoparticles (<100 nm),
some conventional particle characterization techniques are no longer applicable.
Judicious selection of characterization techniques is required for obtaining mean-
ingful evaluation of nanoparticles on hand. When inappropriate techniques are
chosen or suitable techniques are used incorrectly, the results will not represent
the true characteristics of the nanoparticles and can thus lead to failures in the
subsequent processing or applications. Additionally, even though nanoparticle-
based superstructures and bulk materials are yet to be covered in the following
chapters, the characterization techniques discussed in this chapter are meant
to be inclusive. They can easily be applied to nanoclusters, as well as shaped
and sintered nanoparticle-based materials. Characterization of nanoparticles and
nanoparticle-based materials generally includes the following six aspects: size
and morphology, energetics and global thermodynamics, surface area, porosity
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and pore size, structure, and composition. Each aspect can be characterized by
multiple techniques, as summarized in Table 3.1. Even though this full battery
of characterization techniques is not always necessary, a good understanding of
these aspects will greatly facilitate the achievement of the processing and per-
formance goals. In most cases, at least three of the above aspects are needed to
characterize a specific type of nanoparticles or nanoparticle-based materials.

TABLE 3.1 Nanoparticle Characterization Techniques

Characteristics Techniques

Size, shape, and morphology Microscopy

Scanning electron microscopy
Transmission electron microscopy
Scanning probe microscopy (scanning tunneling

microscopy and atomic force microscopy)
Dynamic laser light scattering

X-ray diffraction line broadening

Small-angle scattering

Neutron scattering
X-ray scattering

Optical spectroscopy

Energetics and global
thermodynamics

Oxide melt solution

Calorimetry

Solution calorimetry

Water adsorption calorimetry

Surface area BET gas adsorption

Porosity and pore size Transmission electron microscopy

Gas adsorption

Crystal structure Surface structure

Low-energy electron diffraction
Atomic force microscopy
Scanning tunneling microscopy

Bulk structure

X-ray diffraction
Transmission electron microscopy

Composition Surface composition

Auger electron spectroscopy
X-ray photoelectron spectroscopy
Secondary ion mass spectroscopy

Bulk composition

Optical atomic spectroscopy
X-ray fluorescence spectroscopy
Energy dispersive X-ray spectroscopy
Electron energy-loss spectroscopy
Fourier transform infrared spectroscopy
UV-vis spectroscopy
Raman spectroscopy
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When determining whether a technique is suitable to characterize the nanopar-
ticles or nanoparticle-based materials of interest, a key point is to understand the
extensibility and limits of different existing characterization approaches. A good
understanding of the fundamental principles and approximations for a specific
technique can easily explain some of the potential deviations. Even though some
of the techniques were specifically developed for nanoparticles and nanoparticle-
based materials, some of the other tools presented here are extended applications
of the characterization capabilities for conventional materials. Also, some widely
used techniques in analytical chemistry are being increasingly used in the char-
acterization of nanoparticles and nanoparticle-based materials.

3.2 SIZE, SHAPE, AND MORPHOLOGY

Particle-beam interaction reveals important characteristics of particles such as
size, shape, and morphology. When particles are at the nanoscale, more stringent
requirements on beam wavelength and focus are needed in order to improve the
resolution of the characterization techniques or evaluate more challenging sam-
ples. Four commonly used beam sources are electron, laser, X-ray, and neutron.
Based on these sources, there are three characterization approaches: microscopy,
dynamic laser light scattering, and small-angle (X-ray and neutron) scattering.

3.2.1 Microscopy

Microscopy is a technique that offers simultaneous measurements of particle
size, shape, morphology, and arrangement of nanoparticles by providing two-
dimensional images of three-dimensional objects. When performed on cross-
sectioned samples, it can image buried features, layers, interfaces, and crystalline
structures at high magnifications. There are three dominant microscopic tech-
niques: scanning electron microscopy (SEM), transmission electron microscopy
(TEM), and scanning probe microscopy (SPM). Even though microscopy is the
most straightforward technique in nanoparticle characterization, it is limited to
only offering two-dimensional projections of three-dimensional objects.

3.2.1.1 Scanning Electron Microscopy SEM is the most mature and
widely used imaging technique for characterizing nanoparticle size, shape, ar-
rangement, and degree of agglomeration. In SEM, an electron beam (5–30 keV
acceleration) is focused on the sample, and the reflected electrons (back scat-
tered) or ejected electrons from the sample are collected for imaging. Based
on the modes of electron beam generation, there are thermionic emission and
field emission SEMs. Field emission SEM is preferred because of its fine reso-
lution (down to 1–2 nm range) and good contrast. Nowadays, most SEMs have a
field emission mode. For SEM analysis, nanoparticles or a drop of nanoparticle
suspension can be directly spread onto conductive tapes and imaged. SEM can
provide information about nanoparticle size, shape, and agglomeration extent if
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the particles under examination represent the true state of the sample. If assem-
bled superstructures or bulk nanoparticle-based materials are directly examined,
nanoparticle size, shape, and packing morphology can also be obtained. How-
ever, dispersed particles in a liquid may “pile up” or agglomerate after drying;
dry nanoparticle agglomeration is a ubiquitous problem and often hinders quan-
titative nanoparticle size or shape analysis. Figure 3.1 shows the SEM images

(a)

(b)

(c)

FIGURE 3.1 SEM images and particle size distributions of synthesized copper particles as
a function of reaction temperature: (a) 200◦C, (b) 170◦C, and (c) 140◦C. Scale bar = 100 nm
[1]. (Reprinted with permission from Park BK, Jeong S, Kim D, Moon J, Lim S, Kim JS.
Synthesis and size control of monodisperse copper nanoparticles by polyol method. J Colloid
Interface Sci 2007;311:417–424, Copyright 2007, Elsevier.)
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of copper particles synthesized in the presence of poly(vinylpyrrolidone), em-
ployed as a protecting agent, in ambient atmosphere at different temperatures.
With decreasing reaction temperature, the size of the resulting particles becomes
smaller and the size distribution also narrows. At 200◦C, the obtained particle size
is 53 ± 13 nm (Fig. 3.1a), whereas that at the synthesis temperature of 140◦C
is 45 ± 8 nm (Fig. 3.1c) [1]. The particle shapes are fairly round. Quantitative
particle size distribution histograms are also presented. This quantification can
largely be attributed to the consistent size and equiaxed shape of copper particles.
For other less than ideal nanoparticles, quantification can be difficult.

Overall, SEM serves as a quick and convenient technique for nanoparticle
size, shape, and arrangement analysis because of its widespread availability and
ease of sample preparation. However, SEM can only be regarded as a quick but
qualitative tool. Quantitative or statistical evaluation of nanoparticles is generally
not accurate.

3.2.1.2 Transmission Electron Microscopy TEM uses transmitting
electrons to obtain high magnification images of nanoparticles and measure parti-
cle size, shape, and morphology. Since electrons are accelerated at a much higher
voltage (200–300 keV) than in an SEM, the electron beam can be focused on a
very small region to obtain high-resolution images of nanoparticles. For TEM
analysis, nanoparticles can be first dispersed in a liquid and form a very dilute sus-
pension. A drop of the suspension is placed on a metal grid with carbon coating,
and the liquid is then evaporated, leaving nanoparticles deposited on the carbon
coating of the metal grid. Since the nanoparticles are well dispersed, images of
individual nanoparticles can be obtained. By taking advantage of the contrast
between the images of the nanoparticles and the carbon coating of the metal
grid, nanoparticles can be quantified in size, size distribution, and shape (still
two-dimensional projection). The biggest advantage of TEM analysis is the high
resolution (as low as sub-angstrom level for high-resolution TEM) and the abil-
ity to examine individual nanoparticles. Statistical analysis of particle size and
shape also becomes possible and can be carried out quickly with designated
software. In addition, the sample preparation for nanoparticle analysis is the eas-
iest among all the TEM sample preparation methods. Because of these desirable
features, TEM analysis of nanoparticles is commonly used. Figure 3.2 shows a
TEM image of gold nanoparticles transferred from the original gold hydrosol
into toluene.

Both SEM and TEM utilize nanoparticle projections onto a two-dimensional
surface for size, shape, and morphology characterization. Because of this limita-
tion, these techniques cannot effectively capture the three-dimensional features
of nanoparticles. Also, SEM and TEM techniques cannot distinguish composite
nanoparticles if the image contrast from different compositions is small or if one
composition fully coats the core particles of another composition. In addition,
both techniques are dry methods. If special properties need to be characterized in
a wet state, such as nanoparticle interaction or hydrodynamic size in a colloidal
suspension, these techniques are not feasible.
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FIGURE 3.2 TEM image of gold nanoparticles transferred from the original gold hydrosol
into toluene [2]. (Reprinted with permission from Yang J, Lee JY, Too H-P. Size sorting of
Au and Pt nanoparticles from arbitrary particle size distributions. Analytica Chimica Acta
2005;546:133–138, Copyright 2005, Elsevier.)

3.2.1.3 Scanning Probe Microscopy Scanning probe microscope (SPM)
was invented as scanning tunneling microscope in 1981 [3]. Since then, a vast
family of scanning probe microscopes have been developed. Both scanning tun-
neling microscopy (STM) and atomic force microscopy (AFM) belong to this
family. Each type of SPM is characterized by the nature of the local probe and
its interaction with the sample surface. Despite the large number of modes in
which an SPM can be operated and an image contrast obtained, the underlying
operation principle is the same. The three main classes of interaction between the
probe and the substrate are contact mode, tapping mode, and noncontact mode.
Different forces or interactions can be detected in different modes. SPM is a com-
plementary tool for nanoparticle size, shape, and morphology measurements. It
can be used for either single composition nanoparticles or mixed nanoparticle
composites. Also, SPM can be operated in air and liquid environments, which is
very desirable for nanoparticle suspensions. SPM can generally achieve a spatial
resolution of 4 nm and has the advantage of easy sample preparation and fast
data acquisition. It also provides better particle morphology information in the z
direction than SEM and TEM.

Instead of using an electron beam as in an electron microscope such as SEM
and TEM, STM uses an ultrathin conductive tip to interact with the sample. When
the tip is brought within ∼10 Å of the sample, there is an electron tunneling current
between the tip and the specific nanoparticle. The resulting voltage difference
generates a current (tunneling current), which exponentially decreases with the
distance that the electrons travel. Surface images and z dimensions of particles
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can thus be obtained. Even when there are other factors modifying the tunneling
current, it is this current exponential dependence on the separation between
the probe and the sample that allows the atomic resolution. The quantitative
relationship between the tunneling current It and the tip-sample distance d can
be described as

It ∼ e−d/g, (3.1)

where g is a constant in the unit of length. This high-resolution technique allows
atomic information to be gathered not from an average over many nanoparticles,
but from particle to particle. By monitoring the current over each point of the
sample, the topography of the particles on a substrate is recorded. When the
tip-to-sample separation is kept constant, the current is recorded over each point.
This operation is called constant height mode. Alternatively, when the current is
kept constant during the scan, the scanning probe moves up and down during the
measurement and the nanoparticle topography is recorded. The operation mode
is called constant current mode. Each mode has its own advantages. The constant
current mode is more common and reproduces the “topography” of the surface.
For both modes, the resulting image is a gray-scale map of the surface where
bright spots correspond to high current values or high locations and dark spots
correspond to low current values or low locations.

AFM was invented in 1986 [4]. In the contact mode, AFM utilizes a sharp probe
moving over the surface of a sample in a raster scan. The probe is a tip on the end
of a cantilever that bends in response to the force between the tip and the sample.
Since the cantilever obeys Hooke’s law for a small displacement, the interaction
force between the tip and the sample can be obtained. The movement of the
tip or the sample is performed by an extremely precise positioning device made
from piezoelectric ceramics. The scanner is capable of sub-angstrom resolution
in the x, y, and z directions. In noncontact mode, the distance between the tip
and the sample surface is >10 Å, and van der Waals, electrostatic, magnetic, or
capillary forces produce images of the sample topography. In the contact mode,
ionic repulsion forces are dominant. Tapping mode is the second most common
mode next to the contact mode used in AFM. When operated in air or other gases,
the cantilever oscillates at its resonant frequency (often hundreds of kilohertz) so
that it only taps the surface for a very small fraction of its oscillation period.

AFM can provide three-dimensional imaging/visualization of the nanoparti-
cles distributed on a flat surface, which can render qualitative and/or quantitative
information about physical properties of nanoparticles including size, morphol-
ogy, surface texture, and roughness. However, the influence of the AFM tip size
and shape on the acquired images must be properly accounted and corrected for.
A collection of images can be used to extract information about particle size
distributions and volumes. AFM can be conducted in vacuum, under ambient
conditions, in liquids, or in other environments. Figure 3.3 shows an AFM im-
age of Cu2O nanodots formed on a flat SrTiO3 substrate [5]. The particles are
roundish with the bottom fully attached to the substrate. The particle thickness is
<50 nm while the lateral size is submicron.
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FIGURE 3.3 Atomic force microscopy image of Cu2O nanodots formed on a SrTiO3 sub-
strate [5]. (Reprinted with permission from Baer DR, Gaspar DJ, Nachimuthu P, Techane SD,
Castner DG. Application of surface chemical analysis tools for characterization of nanoparti-
cles. Anal Bioanal Chem 2010;396:983–1002, Springer Science + Business Media, Fig. 6.)
(For a color version of this figure, see the color plate section.)

The images obtained from STM and AFM are similar to those from TEM ex-
cept for the height information in the z direction. The difference between STM and
AFM is that STM uses a conductive tip and can only characterize conductive sam-
ples while AFM uses a cantilever and can measure all types of samples (conduc-
tive, semiconducting, and insulting). Also, single atom contact happens in STM,
while several atoms may contact with the cantilever in AFM. Besides measuring
nanoparticle size, shape, and morphology, both STM and AFM can be applied to
the characterization of nanoparticles on a substrate that cannot be removed.

In addition to the well-developed techniques discussed above, in situ mi-
croscopy can be used to study mechanical stress, magnetic-field-induced phase
transformation, and structural and chemical evolution of nanoparticles. Essen-
tially, the technique involves microscopic observation of nanoparticles under an
applied field. Interested readers are encouraged to read more detailed descriptions
elsewhere [6]. It should also be pointed out that even though SPM can provide
information about particle depth, a true nanoscale three-dimensional imaging
technique has yet to be developed, especially when particles have a diminishing
contour from the top to the bottom.

3.2.2 Dynamic Light Scattering

In dynamic light scattering (DLS), also known as photo correlation spectroscopy
(PCS), particle size measurement is carried out by measuring the intensity of
the scattered light. DLS is a well-established method for particle size and size
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distribution analysis and is mostly only suited for nanoparticle size measurement.
The fundamental mechanism can be understood by considering nanoparticle
motion in a suspension. There are three types of forces acting on a particle:
Brownian forces arising from collisions with thermally agitated liquid molecules,
direct interaction between particles (e.g., a shielded Coulombic force between
charged particles), and “excluded-volume” or “hard-sphere” forces between
uncharged particles. Particle motion increases with the decrease in particle size.
Brownian motion leads to scattering of the incident light and to fluctuations
in the average intensity. Since particles with different sizes scatter the incident
light with different angles and frequencies, the scattered light intensity and
frequency can be measured at different scattering angles (forward scattering and
90◦ scattering). The results can be used to determine the particle size based on
the Stokes–Einstein equation [7]:

r =
kT

3πηDdiff
, (3.2)

where r is the particle radius (assumed spherical shape), k is Boltzmann’s constant,
T is the absolute temperature, η is the viscosity of the liquid, and Ddiff is the
diffusion coefficient.

Since nanoparticles are always dispersed in a liquid for DLS measurement,
surface hydrolyzation, charge attraction, and adsorbed species can alter particle
sizes. The measured value is often the hydrodynamic size of nanoparticles in a
specific liquid. DLS can be used to measure particle sizes in the 2–2000 nm range.
The light source is commonly a He–Ne laser with 630 nm wavelength. Important
factors to consider are the concentration and dispersion of the nanoparticles. If the
nanoparticles are not properly dispersed, the measurement will vary drastically
and not provide useful data. The suspension should be dilute (normally <1 vol%
of solid nanoparticles) and optically clear.

In recent years, DLS has become the most readily available technique for
nanoparticle size distribution measurement because of the availability of intense,
monochromatic laser sources, and reduced cost of computers for data analysis.
However, this technique is not as widely used as it should be. Most of the studies
report nanoparticle size and size distribution based on electron imaging results.
The quality of the nanoparticle suspension, for example, the flocculates, can
easily bias measurement results. When a nanoparticle suspension is properly pre-
pared, the measurement can be done accurately and rapidly, providing a number
percent of nanoparticles within a certain size range. With the simplification of
nanoparticle shapes such as spheres, particle weight/volume distribution versus
particle size curves can be easily obtained. For example, particle size distribu-
tion of Al2O3 nanoparticles with 45 m2·g−1 specific surface area and 37.5 nm
average size are measured by the DLS technique. From the number-based par-
ticle size distribution, the population of large particles (>100 nm) is negligible.
However, the large particles have a greater weight than the small particles; a clear
large particle peak can be observed on the weight-based analysis curve. For ZnO
nanoparticles, a size distribution of 15–100 nm is seen when 21,000 (◭), 31,000
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(�), and 51,000 (�) molecular weight copolymers are adsorbed on the nanoparti-
cle surfaces, as shown in Figure 3.4a. Only in the case of particles prepared from
copolymers with a molecular weight of 160,000 (•) and 323,000 (�) is a bimodal
curve obtained, and aggregates up to 1 µm are observed. A comparison with the
TEM imaging results is shown in Figure 3.4b. The TEM measurement shows
more large particles even though the distribution shows similar shape curves [8].
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FIGURE 3.4 (a) Size distributions of redispersed and functionalized particles. (◭)
ZnO/21,000; (�) ZnO/31,000; (�) ZnO/51,000; (•) ZnO/160,000; (�) ZnO/323,000. (b) Size
distributions of redispersed ZnO/21,000 particles. Curve 1-DLS measured, curve 2-evaluation
of TEM images [8]. (Reprinted with permission from Khrenov V, Klapper M, Koch M, Müllen
K. Surface functionalized ZnO particles designed for the use in transparent nanocomposites.
Macromolecular Chemistry and Physics 2005;206:95–101, John Wiley & Sons.)
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3.2.3 X-ray Diffraction Line Broadening

X-ray diffraction (XRD) line broadening is essentially more of a nanocrystallite
size measurement technique than a nanoparticle size measurement technique.
The particles may be any size as long as the nanocrystallites inside the particles
are at the nanoscale. The technique can measure nanocrystallite size down to as
small as 10 Å. The fundamental mechanism for nanocrystallite size measurement
can be explained as follows. Diffraction only occurs when the distance between
the adjacent lattice planes satisfies Bragg’s law for the X-ray to be diffracted from
the first atomic plane. If the angle θ of the incidence light is close but not exactly
at Bragg angle, the distance can be equal to 1.001λX instead of 1λX (λX is the
wavelength of the X-ray beam). As a result, the scattering from the first plane will
be cancelled by the scattering from the plane 500 layers deep within the crystal,
with a phase shift of 500.5λX. Similarly, if the distance for the X-ray diffracted
from the first plane is 1.00001λX, the scattering will be cancelled by a plane
50,000 layers deep in the crystal. Bragg diffraction should occur only exactly
at the Bragg diffraction angle, producing a sharp peak. However, if a particle is
only 1 nm in size, then the planes needed to cancel the scattering from the initial
plane (such as (hkl) plane with a diffracted distance of 1.0001λX, it will be the
5000th plane and on) are not present. The diffraction peak will show intensity at
a lower θ and end at a higher θ than the Bragg angle. The nanocrystallite size
causes diffraction peak broadening. Conversely, the crystallite size Dhkl can be
estimated from the line broadening of the diffraction peak:

Dhkl =
SSchλX

B cos θ
, (3.3)

where B is the full width at half maximum intensity, θ is the diffraction angle (in
radians) of the considered diffraction peak, and SSch is Scherrer constant (∼0.9).
Equation (3.3) is called the Scherrer equation.

For (1-x)α-Fe2O3–xSnO2 nanoparticle composites, the peaks broaden with
SnO2 content increase, but there are no new peaks. The particle size versus
SnO2 content x can be calculated based on the peak broadening, which shows
an exponential decay based on the diffraction peak widths, from 70 to 10 nm
when the SiO2 content increases from 0 to 1 [9]. For surface modification of
tungsten by implanting nitrogen, the crystallite size increases with the substrate
temperature, within a range between 40 and 77 nm [10]. This is understandable
since higher temperature is more conducive for particle growth. NbC produced
from niobium oxide (Nb2O5) precursor is examined using in situ XRD. The
typical diameter of the crystallites obtained from XRD broadening is in the range
of 16–24 nm [11]. The XRD patterns of the Co3O4 nanoparticles after calcination
at different temperatures are shown in Figure 3.5. The intensity and definition
of the diffraction peaks associated with Co3O4 increase with increasing heat
treatment temperature. Figure 3.6 shows the variation of XRD crystal size (Dhkl)
of Co3O4 nanoparticles prepared by the thermal treatment of the precursor at
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FIGURE 3.5 XRD patterns of the Co3O4 nanoparticles synthesized by reaction between
Co(NO3)2·6H2O and NH4HCO3 at different calcination temperatures [12]. (Reprinted with
permission from Yang H, Hu Y, Zhang X, Qiu G. Mechanochemical synthesis of cobalt oxide
nanoparticles. Mater Lett 2004;58:387–389, Copyright 2004, Elsevier.)

FIGURE 3.6 Variation of XRD crystal size with heat treatment temperature for synthesized
Co3O4 nanoparticles [12]. (Reprinted with permission from Yang H, Hu Y, Zhang X, Qiu
G. Mechanochemical synthesis of cobalt oxide nanoparticles. Mater Lett 2004;58:387–389,
Copyright 2004, Elsevier.)
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different temperatures. The crystal size rapidly increases from approximately
13 nm at 300◦C to ∼38 nm at 600◦C [12].

However, care should be taken with the use of XRD patterns in extracting data
regarding nanocrystallite sizes. Background noise can compromise the results,
in particular since the intensity is different for different samples and must be
subtracted in data analysis. Discrepancies between volume-averaged sizes ob-
tained by XRD and two-dimensional projection-averaged sizes by TEM have
been observed. There are several sources of uncertainty in sizes calculated by
XRD. First, background subtraction in the presence of broad, weak reflections is
difficult, and this introduces a refined statistical uncertainty of at least ± 1 nm.
Second, the Scherrer equation provides only an approximate value for nanocrys-
tallite sizes. Third, since the XRD data represent a volume average over the entire
assembly of particles, this method is more sensitive than TEM to the presence of
a relatively small fraction of larger particles. Fourth, XRD measures nanocrys-
tallite size while TEM measures nanoparticle size. An additional uncertainty is
that more than half of the atoms in a 2–4 nm size cluster experience a low coor-
dination environment. Although the structural consequences of this are unclear
at present, it is not surprising that the XRD results appear to reflect a larger
size, with the smaller particles providing a weaker contribution to the XRD line
broadening. Thus, while it is not possible to directly measure the size distribu-
tion of particles from the XRD results, the discrepancy between the smaller size
particles can be biased by the presence of a small fraction of large particles. The
values derived from XRD are related to volume averages; care should be taken
when applying the results to applications in which surface average properties are
important [13].

3.2.4 Small-Angle Scattering

In SAS, a sample is irradiated by an applied beam, generating scattering patterns,
which provide information on the size of particles and the interactions between
them. Depending on the type of beam used, it includes two different techniques:
small-angle X-ray scattering (SAXS) and small-angle neutron scattering (SANS).
SAXS detects the difference in electron density, while SANS detects the variation
of the so-called scattering length density. The underlying principles, however, are
the same for the two techniques.

For SAXS, X-ray with a typical wavelength of ∼0.15 nm is used. During
the measurement, a low-divergence X-ray beam is focused onto the sample. The
electron density inhomogeneities in the sample cause a scattering pattern. By
analyzing the inverse relationship between the particle size and the scattering
angle, size, and shape, information about the nanoparticles can be obtained.
Nanoparticle sizes as small as single nanometers can be measured within a narrow
range of angular scattering. The upper size limit that can be measured is about
150 nm. SAXS provides information about the external form of nanoparticles.
Scattering happens only when the average density of the nanoparticles is different
from that of the medium. The technique can be used for structural investigation
of dry nanoparticles or suspended nanoparticles.
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SAXS has been applied to iron nanoparticle assemblies for characterizing
the degree of structural order, for determining the average interparticle spacing,
and for identifying possible lattice structures that otherwise would be difficult
to obtain [14]. The rapidly quenched sample shows no defined peaks on the
SAXS pattern. For the face-centered cubic iron nanoparticles, the size is 15 nm
with several well-defined crystalline peaks. For TiO2 nanoparticles made by a
sol–gel method, SAXS shows that the nanoparticle size distribution is 4–12 nm
[15]. Also, SAXS is used to investigate silver nanocrystal phase transitions [16].
Surface sensitive SAXS technique (grazing incidence SAXS) is carried out for
the morphology study of Pt–Al2O3 thin films [17]. The measurements show that
the ellipsoidal platinum nanoparticles distributed in the amorphous Al2O3 matrix
elongate slightly in the z direction. The average separation of particles along z di-
rection is more than that in the in-plane direction. SAXS curves for gold nanopar-
ticle in suspensions and on glass (gold particle sizes of 11.6 nm and 39.2 nm) are
shown in Figure 3.7. The solid lines are the simulated results based on a spherical
form factor of the particles. Compared to the scattering from the suspension, the
data from the particles on the glass surface shows a strongly decreased scattering
at low scattering vectors. The scattering intensity approaches the form factor
calculation at a value below the first oscillation minimum at 0.075 Å−1 [18].

Since SAXS is sensitive to inhomogeneities in electron density distribution,
the size and shape of individual nanoparticles can be measured regardless of the
local structure of the medium in which the nanoparticles might be embedded.
SAXS can probe not only the structure of individually dispersed nanoparticles but
also the superstructures of condensed nanoparticle arrays, as well as fluid–solid
and solid–solid phase transitions.

SANS uses neutrons that have up to 2 nm wavelength and detects the varia-
tion of scattering length density. Nanoparticle size up to 1000 nm can be easily
measured. SANS is a powerful tool to extract unique information about nanopar-
ticle size. Unlike X-ray scattering, in which the wavelength of X-ray increases
linearly with atomic number, neutron-scattering wavelength changes irregularly
with atomic number [19]. In a typical experiment, neutrons are scattered from a
source (e.g., a spallation source). Scattering takes place in a radially symmetric
manner and is measured by a two-dimensional detector. The scattered neutron
intensities measured by the detector are then radially averaged and normalized.
The advantages of using neutrons include the sensitivity to isotopic composi-
tion, the ability to probe bulk properties of thick samples because of the weak
interaction of neutrons with nuclei and consequent deep penetration into the ma-
terial, and the capability of acting as a magnetic probe of the sample because
of the magnetic moment that neutrons possess. The scattering vector �Q can be
analyzed and expressed as [19]

Q =
∣

∣ �Q
∣

∣ = (4π/λN) sin ωs, (3.4)

where ωs is the scattering angle and λN is the wavelength of the incident neutron
beam. Inhomogeneities larger than atomic distances (1–100 nm) produce scatter-
ing patterns with Q ranging between 1/LN and 10/LN, where LN is the dimension
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FIGURE 3.7 Small-angle X-ray scattering data from a gold particle suspension (circles)
and the corresponding layer (crosses) on a glass surface together with a calculation of the
sphere form factor (full lines). The x-axis is the scattering vector and the y-axis is the scattering
intensity. In (a), the curves for the smaller particles (11.6 nm) are shown, while in (b), the
SAXS from larger particles (39.2 nm) is depicted. The arrows mark the position of a structure
factor maximum, when a close packing of particles is assumed. In both cases, the observed
maximum is shifted to smaller scattering vectors [18]. (Reprinted with permission from Ciesa
F, Plech A. Gold nanoparticle membranes as large-area surface monolayers. J Colloid Interface
Sci 2010;346:1–7, Copyright 2010, Elsevier.) (For a color version of this figure, see the color
plate section.)

of inhomogeneities. The scattering angle ω corresponds to the upper limit of Q.
For L = 10 nm, ω is about 9.1◦ for neutrons of 1 nm wavelength.

Because SANS is sensitive to magnetic moment orientations on a very short
time scale (∼10−11 second) and to the length scale of magnetic ordering, it offers
a unique tool to address the spin structures within interacting nanoparticle assem-
blies. Iron nanoparticles that consist of either disordered arrays or ordered, face-
centered cubic crystals are investigated using SANS [14]. As shown in Figure 3.8,
the SANS signal for the crystal sample shows peaks that are consistent with the
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FIGURE 3.8 (a) SANS intensity versus scattering vector �Q for an iron nanoparticle crystal
and a glassy assembly of iron nanoparticles. (b) SANS intensity versus scattering vector �Q for
the glassy assembly (a) at different temperatures and applied fields. All data are angle averaged
[14] (Reprinted with permission from Farrell MDF, Ijiri Y, Kelly CV, Borchers JA, Rhyne JJ,
Ding Y, Majetich SA. Small-angle neutron scattering study of disordered and crystalline iron
nanoparticle assemblies. J Magn Magn Mater 2006;303:318–322, Copyright 2006, Elsevier.)
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face-centered cubic structure. For the glassy sample, the SANS signal shows in-
creased intensity at the lower Q region (Fig. 3.8a). When a large magnetic field is
applied, the intensity reduces quickly (Fig. 3.8b). SANS provides a measurement
of the magnetic length scale that may be associated with long-range interparticle
interactions. SANS is also used to study the phase behavior of a SiO2 nanopar-
ticle suspension containing organic and inorganic cations. It shows that the
nanoparticles have a core/shell structure in the monomer/oligomer/nanoparticle
region [20].

SANS can analyze opaque materials. In addition, it is the only technique
that can identify magnetic and temperature fluctuation effects on structures in
liquid systems. Nanoparticle size, size distribution, and volume fraction can all
be obtained as macroscopic averages. However, SANS only works when the
average scattering density of nanoparticles is different from that of the medium.

SANS and SAXS have been used jointly for three-dimensional structural
characterization of FePt and (FePt)95Au5 nanoparticles with an average size
of about 4 nm [21]. SANS measures the in-plane coherence length parameter,
and SAXS measures the perpendicular coherence length parameter. With the
measured parameters, a hexagonal close-packed superstructure for both FePt and
FePtAu nanoparticle arrays is constructed.

3.2.5 Optical Spectroscopy

A less commonly used technique in measuring nanoparticle size is optical
spectroscopy. The technique studies the electromagnetic radiation that the system
interacts with or produces. More specifically, optical spectroscopy measures the
intensities and wavelengths of the visible part of the electromagnetic spectrum.
The optical properties of nanoparticles reflect size-induced changes in electronic
structures. Optical spectroscopy detects the energy difference between electronic
states and the lifetime of excited states. When the photons in light interact with
the electrons in matter, the light is either created or destroyed. Each line is
characteristic of the element that emits light. For a single InAs/GaAs quantum
dot in high magnetic fields, optical spectroscopy indicates that the observed
multiline emission is due to different charge states of a single dot [22]. For
InGaN/GaN quantum dots examined at different temperatures, the quantum dot
height change is correlated to photoluminescence [23]. The competitive influence
of radioactive and nonradioactive recombinations is observed. However, optical
spectroscopy is mainly applicable to photoluminescence materials at or close to
room temperature.

3.3 ENERGETICS AND GLOBAL THERMODYNAMICS

Nanoparticles have too few atoms to be considered as bulk materials. They
have some properties, unlike either atoms/molecules or the bulk, and represent a
transition between these states [24]. In one aspect, as the particle size becomes
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smaller, the energetics and global thermodynamics of nanoparticles need to be
addressed.

Instead of any single, well-defined characterization technique, the understand-
ing and characterization of energetics and global thermodynamics of nanopar-
ticles are more a fresh look of some existing characteristics when it comes to
nanoparticles. The first of these is stable phases at a given condition. The other
is related to the activity/reactivity of the nanospecies.

Nanoparticles precipitated from aqueous solutions often crystallize in struc-
tures different from those of coarsely crystalline materials: γ -alumina instead of
corundum, anatase and brookite instead of rutile, maghemite instead of hematite,
and a host of complex hydrous iron oxyhydroxides [25]. This is generally at-
tributed to surface energy difference, which stabilizes polymorphs for nanopar-
ticles that are metastable in the bulk. One of the techniques that can be used
to characterize such phase differences and transitions is oxide melt solution
calorimetry, which measures the enthalpies of phase transformation and surface
enthalpies of different oxide polymorphs [26]. In addition, solution calorimetry
can be used to determine surface enthalpy and heat capacity for nanoparticles,
and water adsorption calorimetry can be used to measure the surface energy [27].
Energy crossover between polymorphs at the nanoscale is believed to be the cause
for the phase differences. For example, γ -Al2O3 is energetically stable when the
specific surface area exceeds ∼125 m2 g−1. Due to the presence of tetrahedral and
octahedral sites in its spinel-type structure, and the fairly random distribution of
Al3 + and vacancies over these sites, γ -Al2O3 has a greater entropy than α-Al2O3.
The entropy change of α-Al2O3 to γ -Al2O3 transition is about 15.7 J K−1 mol−1.
Therefore, at room temperature, γ -Al2O3 is thermodynamically stable with re-
spect to α-Al2O3 at specific surface areas >100 m2 g−1. At 800 K (a temperature
typical of oxyhydroxide decomposition), γ -Al2O3 might become thermodynam-
ically stable at specific surface areas greater than only 75 m2 g−1. For ZrO2,
oxide melt solution calorimetry shows that the surface energy decreases in the
order of monoclinic, tetragonal, and amorphous. These crossovers correspond
well to observation that monoclinic ZrO2, the stable bulk polymorph, is read-
ily synthesized with particle size >50 nm, tetragonal ZrO2 is synthesized with
intermediate particle size, and amorphous ZrO2 exists for particles smaller than
about 4–8 nm.

Small gold particles present structural fluctuations at ∼2 nm size, changing
between cubo-octahedral, icosahedral, and single-twined structures [28]. In
order to explain the structural fluctuations, two main models have been proposed.
The first one involves the complete melting of the particles followed by a re-
crystallization to a new structure [29,30]. The energy for the melting is provided
by the inelastic scattering of the incoming electrons on the particle. The second
model assumes that different particle configurations have similar energies and
low-energy barrier without melting [31, 32]. This phenomenon has been termed
quasimelting and refers to the fluid-like behavior observed in nanoparticles.

It should be pointed out that many polymorphs are only 5–10 kJ mol−1

higher in enthalpy than the stable, well-crystallized forms, opening the door to
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crossovers in stability. The large internal surface area of zeolite requires a small
surface energy to make the system energetically accessible. The surface energy is
considerably larger for oxides, which do not form framework structures with a
low density. The existence of a large number of polymorphs with microporous
structures requires them to be similar in energy and not too much higher than
dense frameworks. If the energy of internal and external surfaces is similar, this
implies little dependence of energy on particle size for microporous materials.
Because of the small surface energy, crossovers in stability of microporous mate-
rials as a function of particle size are unlikely, in contrast to the behavior of dense
polymorphs. Also, the thermodynamic driving force for particle coarsening of
microporous materials is very small [25].

The energetics of nanoparticles affects the reactivity/activity of the nanoparti-
cles in discussion. For example, anatase TiO2 particle size and shape are quantita-
tively correlated through density functional theory with the photocatalytic activity
of the oxygen evolution reaction. The equilibrium shape of TiO2 nanoparticles
is sensitive to its size from 1 to 30 nm, and sharp crystals possess much higher
activity than flat crystals in oxygen evolution reaction, which in combination
leads to the morphology dependence of photocatalytic activity [33].

Another approach to understand the energetics of nanoparticles is modeling.
The dependence of the oxidation enthalpy of aluminum nanoparticles on particle
size is modeled. The model includes the size dependence of the cohesive energy
of the reactant particles, the size dependence of the nanoparticle lattice energy, the
extent of nanoparticle agglomeration, and surface capping effects. The strongest
effects on aluminum nanoparticle energy release occur for particle diameters
<10 nm [34].

3.4 SURFACE AREA

As particle size decreases to nanoscale, the specific surface area (usually in
m2 g−1) increases drastically. The specific surface area of nanoparticles with
an average size <10 nm can rise to several hundred m2 g−1. That is, 2–3 g of
nanoparticles, which fit into a small volume of a few cubic centimeters, can have
the same surface area as an entire football field. In many applications, specific
surface area can be the single most important factor to consider, such as for
catalysis or sensing.

The Brunauer–Emmett–Teller (BET) gas adsorption method is widely used to
measure the specific surface area of nanoparticles and remains the most accepted
approach. The BET technique starts with Langmuir monolayer adsorption of
gas molecules on the particle surfaces. By considering multilayer adsorption of
the condensing gas molecules, an adsorption equation for specific surface area
measurement can be derived:

1

V (p0/pA − 1)
=

1

Vgmc
+

c − 1

Vgmc

(

pA

pS

)

, (3.5)
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where V is the volume of gas adsorbed per unit mass of nanoparticles (cm3 g−1)
at relative pressure pA

pS
, pA is the gas pressure applied during the gas adsorption

measurement, pS is the saturation pressure of the adsorbed gas at the testing
temperature, Vgm is the volume of gas required to form a monolayer per unit mass
of nanoparticles (cm3 g−1), and c is a constant. In order to obtain specific surface
area, the amount of gas adsorbed onto a fixed mass of nanoparticles at a certain
temperature is measured at different gas pressure pA. In most cases, nitrogen is
used as an adsorbate with a molecular cross-sectional area of 16.2 × 10−20 m2

(16.2 Å2). Plotting the left-hand side of Equation (3.5) versus pA

pS
yields a straight

line, with pA

pS
normally varying in a range between 0.05 and 0.30. Combining the

obtained slope and intercept gives Vgm. The specific surface area can be further
calculated with the following equation:

Sw =
NAσAVgm

V0
, (3.6)

where Sw is specific surface area (m2 g−1), NA is the Avogadro’s number (6.023 ×
1023 mol−1), σA is the cross-sectional area of the adsorbate molecule, and V0 is
the molar volume of the gas at standard temperature and pressure (22.4 L mol−1).
With the assumption that nanoparticles are spherical and dense, particle size Dp

can be estimated based on

Sw =
ST

WS
, (3.7)

where ST is the total surface area and WS is the weight of the measured sample.
For spherical particles,

Dp =
6

Swρt
, (3.8)

where ρt is nanoparticle theoretical density.
During the specific surface area measurement, multiple points can be obtained

on the 1
V (p0/p − 1) ∼ ( p

p0
) curve to extract Vgm. For quick analysis or quality control

purposes, single point BET can be used for specific surface area measurement.
In single point BET analysis, it is assumed that the intercept mentioned above is
zero and only one gas adsorption point is needed. Because of these assumptions,
single point BET measurement is only an approximation.

CdSe aerogel shows a mesoporous interconnected network of nanoparticles
and the surface area measured by the BET method is 224 m2 g−1 [35]. For
Ni–Al nanoparticles synthesized via hydrogen plasma-metal reaction, the specific
surface area is in the range of 16.5–100 m2 g−1, and the mean particle diameter
estimated from the specific surface area is 14–62 nm [36]. The BET results on
the particle size are in good agreement with the TEM results. When BET is
used to calculate the particle size from specific surface area for hydrothermally
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synthesized TiO2 nanoparticles, the particle size is 32–100 nm and consistent
with the SEM measurement [37]. For CeO2 nanoparticles synthesized by thermal
decomposition, single point BET results demonstrate that CeO2 synthesized at
different precipitation rates have different specific surface areas, with 45 m2 g−1

for slow precipitation and 17 m2 g−1 for rapid precipitation [38].
The advantage of the BET gas adsorption technique is that it can measure a

large number of nanoparticles. Also, the technique is relatively quick, inexpen-
sive, and simple. Nanoparticle sizes can be inferred by assuming regular particle
shapes. However, the BET technique cannot distinguish loosely packed nanoparti-
cles, agglomerated nanoparticles, or mesoporous three-dimensional nanoparticle
network. The results only reflect the surface area of the nanoparticle collections
regardless of the nanoscale details. This should be kept in mind when nanoparticle
size extrapolation is exercised.

3.5 POROSITY AND PORE SIZE

First, it should be mentioned that, dimension-wise, pore size has a very different
definition compared to particle size. Pores with size <2 nm are called micropores,
with size >2 nm but <50 nm are called mesopores, and with size >50 nm are
called macropores. There are four aspects in describing pores: pore size, pore
size distribution, pore volume (porosity), and pore shape. However, just as for
particle shape, pore shape measurement is rare and most descriptions on pore
shape are qualitative. In light of this, most pores are assumed to have simple
shapes, such as spherical or cylindrical. Because of the small size of nanoparti-
cles, pores inside individual nanoparticles are mostly ignored. Pores measured
are most likely interparticle pores rather than intraparticle pores. Most pore size
and porosity characterization efforts are focused on pores generated by a collec-
tion of nanoparticles or nanoparticle-based bulk samples instead of the internal
pores of individual nanoparticles. Since pore size scales with particle size and
nanoparticles do not pack as densely as micron-sized particles, porosity is gener-
ally very high and pore sizes are mostly in the nanometer range. If nanoparticles
are agglomerated, the agglomerates can generate micron-sized pores. Different
techniques can be used to measure pores, but the most important ones are elec-
tron imaging and BET gas adsorption. For micropores <2 nm, it is difficult to
quantitatively determine pore size distribution; and direct imaging observation
provides some qualitative description. For mesopores between 2 and 50 nm, gas
condensation by BET is more suitable. For macropores >50 nm, conventional
techniques such as liquid intrusion by mercury porosimetry become applicable
and will not be discussed here.

3.5.1 Electron Imaging

As a direct observation technique, pore size and shape characterization within
or between individual nanoparticles can be carried out by TEM. Nanoparticles
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can be imbedded in a matrix, cross-sectioned, and observed in a TEM. This
approach provides direct evaluation of pores. However, TEM sample preparation
is challenging, especially when the original nanoparticle arrangement needs to
be preserved or the samples are porous. Artificial defects such as filling and
smearing of pores can be easily created. Also, the evaluation is mostly quali-
tative in very local areas in order to obtain a high resolution. For pores in the
single nanometer range, imperfect pore wall structures such as roughness in the
subnanometer scale cannot be neglected. Several new techniques are proposed
for nanopore characterization, such as small-angle neutron scattering, superwide
pressure range adsorption, and X-ray absorption spectroscopy [39]. However,
the reliability and maturity of these techniques are yet to be tested. Readers are
encouraged to study these different techniques for details. So far, TEM has not
been widely used to analyze interior nanoparticle pores. We expect this technique
to be put into practice more often as nanoparticle research progresses, especially
with more widespread availability of high-resolution TEM.

As for the pores in a nanoparticle-based bulk sample, the two-dimensional
nature of the imaging aspect and the extensive effort required to prepare the
samples make it a less appealing technique. SEM imaging of the fracture surface
(if the resolution is high enough) and gas adsorption (assuming pores are open
pores) are often more useful and statistically more significant.

3.5.2 Gas Adsorption

In gas adsorption, the adsorbed gas condenses into a liquid in the nanopores when
the gas pressure is high. The amount of condensed gas versus the gas pressure
can be used to analyze the pore size and pore size distribution based on the Kelvin
equation:

ln
p

pS,L
=

−2γLVVL cos ϕ

RTbrm
, (3.9)

where p is the gas pressure over a meniscus with radius rm, pS,L is the saturation
pressure of the liquid on a plane surface, γLV is the surface tension of the liquid–
solid interface, VL is the molar volume of the liquid, ϕ is the contact angle
between the liquid and the pore wall, R is gas constant, and Tb is the boiling point
of the gas used. Nitrogen condenses at 77 K and is the most common adsorbate.
The total pore volume VP can be obtained from the amount of gas adsorbed when
the relative pressure p

pS,L
is close to unity, assuming that the pores are filled with

condensed liquid adsorbate [40]:

VP =
PaVadsVLads

RT
, (3.10)
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where Pa is ambient pressure, VLads is the molar volume of liquid adsorbate, and
Vads is the volume of adsorbed gas. Pore size can then be calculated from the
above pore volume, assuming cylindrical pore geometry:

rp =
2VP

Sw
, (3.11)

where rp is the average pore radius.
For BaO- and MgO-modified ZrO2 nanoparticles synthesized using coprecip-

itation, pore volume and average pore size are obtained from the desorption data
of nitrogen adsorption/desorption versus p/pS,L (up to 1.0) isotherm [41]. The
isotherms show a type-V adsorption pattern (for different type of gas adsorption
isotherms, refer to some excellent books [7, 42], which is typical of mesoporous
structure adsorption with pore sizes between 2 and 50 nm. The actual pore size is
in the range of 8.4–19.1 nm. Nitrogen adsorption is used to measure the micropore
sizes and the pore size distribution of colloidal SiO2 nanoparticles synthesized by
a sol–gel method [43]. The measurement yields a mean micropore size of ∼1 nm,
consistent with the dimensions of nearly close-packed particles determined by
AFM technique. For the pore size and distribution of TiO2 nanoparticles prepared
by hydrolysis, nitrogen adsorption shows that the pore size is about 10 nm and
the distribution is unimodal [44].

While other techniques such as TEM require very small sample size and often
times removal of the sample of interest from a substrate, BET can measure the
packing characteristics of nanoparticles/nanograins on a substrate. For colloidal
SiO2 nanoparticles layer-by-layer coated onto organic pigment particles, the pore
size distribution is broad, from 40 to 80 nm when only one layer of SiO2 is coated
[45]. This means the measurement is from the voids/missing particles of the
coating layer. When the second layer of SiO2 is coated, a narrow peak with an
average pore size of 5 nm is observed. This indicates that the measurement is
from the interstitial pores among three SiO2 particles.

Gas adsorption is almost the only technique available to measure micro- and
mesopores and has been extremely useful for the evaluation of nanoparticle
collections. The assumption, however, is that the pores are cylindrical. When the
pore diameter becomes comparable to the pore wall roughness, substantial errors
can occur. Since the adsorbate gas has to access and condense inside the pores,
only open pores are measured.

3.6 STRUCTURE

There are two aspects in nanoparticle structure characterization: surface structure
and bulk structure. As the particle size approaches nanoscale, the volume fraction
of the outermost layer increases dramatically. Nanoparticle surface structures play
critical roles in processing and applications. Also, the surface structure can be
very different from that of the micron or submicron counterparts in defects and
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adsorbed species; it may also be significantly different from that of bulk materials.
However, the differences can be difficult to measure, let alone to understand.
For the nanoparticle-based bulk structure characterization, the resolution of the
corresponding techniques often needs to be improved and specific care is needed
in sample preparation. The most widely used techniques in surface structure
analysis include low-energy electron diffraction (LEED) and SPM (including
AFM and STM). For bulk structure analysis, important techniques include XRD
and TEM.

3.6.1 Surface Structure

3.6.1.1 Low-Energy Electron Diffraction LEED is the principal tech-
nique for quantitative determination of surface structures in atomic resolution
(∼0.01 nm). It uses an electron beam with well-defined low-energy (typically in
the range of 20–200 eV) incident normally on the sample. The incident electron
energy should be low enough to ensure that most of the electrons (incident at
right-angles to the surface) do not penetrate too deep beyond the outer atomic
layer of the solid, thus enabling surface analysis. The sample itself must be a
single crystal with a well-ordered surface structure in order to generate a back-
scattered electron diffraction pattern. For two-dimensional surface structures,
there are only five types of atomic arrangements: square, rectangular, centered
rectangular, hexagonal, and oblique. Since nanoparticles are small, they gener-
ally contain a single crystallite and meet such a requirement. By the principles of
wave-particle duality, the electron beam may be equally regarded as a succession
of electron waves hitting the sample. These waves will be scattered by regions
of highly localized electron density (i.e., the surface atoms), which can therefore
be considered to act as point scatterers. The wavelength of electrons λe is given
by the de Broglie relation:

λe =
h

(2m · e · Ea)1/2
, (3.12)

where m is electron mass (9.11 × 10−31 kg), e is electron charge (1.6 × 10−19 C),
Ea is acceleration voltage (energy in eV), and h is the Planck constant (6.626 ×
10−34 J s). Only elastically scattered electrons (changing direction without energy
loss) contribute to the diffraction pattern; the lower energy (including secondary)
electrons are removed by energy-filtering grids placed in front of the fluorescent
screen that is employed to display the pattern.

LEED may be used qualitatively or quantitatively. For qualitative analysis, a
diffraction pattern is recorded and analysis of the spot positions yields information
on size, symmetry, and rotational alignment of a nanoparticle unit cell. For
quantitative analysis, the intensities of various diffracted beams are recorded as a
function of the incident electron beam energy to generate current–voltage curves
that, by comparison with theoretical curves, may provide accurate information
on positions and identities of all atoms in a unit cell.
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FIGURE 3.9 LEED images of TiOx/Pt(111) after a deposition time of 4 minutes (a) and
28 minutes (c). The two domains of the coincidence lattice with 18.2 Å × 18.2 Å unit cell on
the Pt(111) substrate (circles) are shown in the real space representation (b) [46]. (Reproduced
with permission from Sedona F, Eusebio M, Rizzi GA, Granozzi G, Ostermann D, Schierbaum
K. Epitaxial TiO2 nanoparticles on Pt(111): A structural study by photoelectron diffraction
and scanning tunneling microscopy. Phys Chem Chem Phys 2005;7(4):697–702. PCCP Owner
Societies.)

For the growth mode of TiOx nanoparticles on Pt (111) surface, LEED shows
a difference when TiOx is first deposited (Fig. 3.9) [46]. The diffused back-
ground intensity increases with each deposition step (e.g., from 4 to 28 minutes).
The diffraction pattern indicates superstructure formation with a unit cell size
of 18.2 × 18.2 Å. LEED also provides long-range order information. The as-
deposited Pd/TiO2 (110) surface shows a hexagonal pattern and the size of the
unit cells can be deduced from LEED with known palladium and TiO2 lattice
constants [47].

LEED can determine structural parameters very precisely. Atomic positions
can be given within a tenth of an angstrom or better. However, the analysis
requires a correct structural model, which can be refined in a trial-and-error
iterative analysis. This can be a major problem for surfaces where reconstructions
of large surface unit cells are needed. Many structural parameters have to be
obtained correctly for reliable structural determination. Also, any unintentional
adsorption of foreign species can lead to incorrect structural determination if the
adsorbate is ordered, or to fruitless conclusions if the adsorbate has no order at all.
The other issue is the challenge in studying insulating surfaces. The surface has to
be knowingly made conductive by creating defects or by placing it on a conductive
substrate while avoiding or removing the impact on the actual structure.

3.6.1.2 Atomic Force Microscopy In addition to nanoparticle size and
shape measurement, the phase imaging mode of AFM can be used to detect
variations in composition and other properties of nanoparticles or nanoparticle
mixtures. Even though this approach cannot identify the exact nature of un-
known phases, it can distinguish differences in crystallographic structures. Phase
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imaging measures the phase difference between the oscillations of the cantilever
and the detected oscillations. Properties such as stiffness and viscoelasticity are
derived from image contrast. For example, AFM in phase imaging mode can
distinguish different particles in a mixture. When AFM is used to characterize
the surface morphology of Y2O3/Fe2O3/TiO2 nanoparticle mixtures, differences
in roughness and ordering of the studied surfaces are observed [48].

AFM can also provide a topographical map of a sample surface with a reso-
lution down to a few nanometers and distinguish different nanoparticle species
if these species have different morphologies. When MoO3 nanocrystals slide on
single crystal MoS2 surfaces, highly anisotropic friction is observed when MoO3

nanocrystals move along certain directions in the MoS2 lattice, for example, in the
channels defined by the sulfur atom rows of the MoO2 surface [49]. Motion along
the other two MoO2 equivalent directions requires interfacial atoms to directly
pass over each other. As a result, highly anisotropic friction is observed. Pure TiO2

shows some degree of ordering with high roughness, indicating large nanoparticle
size. TiO2 doped with Fe3 + using an acid catalyst shows a random distribution
of roughness. TiO2 doped with Fe3 + using an ammonia catalyst shows lower
surface roughness, implying that the grain growth of TiO2 is inhibited [48].

One advantage of AFM over STM (to be discussed next) in composition
analysis is that no current is required in the operation of AFM. Insulating surfaces
and fragile surfaces that will be damaged by the tunneling current used in STM
can be studied. The advantage of AFM over SEM is that it can provide nanoscale
morphological results on a surface with a resolution of <0.1 nm, compared to
∼5 nm resolution for SEM. Additionally, z direction measurement is available.
For AFM itself, tapping mode is usually a better choice than contact mode when
imaging poorly immobilized or soft samples.

3.6.1.3 Scanning Tunneling Microscopy Scanning tunneling mi-
croscopy is based on the concept of quantum tunneling. When a conducting
tip is brought very near to a conductive surface, a bias (voltage difference) ap-
plied between the two allows electrons to tunnel through the vacuum or some
other insulating media between them. The resulting tunneling current is a func-
tion of tip position, applied voltage, and the local density of states of the sample.
Information about the surface is acquired by monitoring the current as the tip
scans across the surface, and is usually displayed in an image form. STM can
be a challenging technique as it requires extremely clean and stable surfaces,
sharp tips, excellent vibration control, and sophisticated electronics. Binnig and
Rohrer (at IBM Zürich) won the Nobel Prize in Physics in 1986 for inventing
this technique [50]. STM has been widely used in characterizing nanostructures
since its invention [51].

Figure 3.10 shows a sequence of STM images ((a)–(d)) during which atoms
are extracted from Ge (111) surface [52]. In (a) and (b), atom 1 is labeled. In
(b), atom 2 is labeled. In (c), atoms 1 and 2 are extracted while atoms 3 and
4 are labeled. In (d), atoms 3 and 4 are extracted. A line profile XX′ through
(b) (lower left corner) shows the missing atom 1, which correlates well with the
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FIGURE 3.10 A sequence of STM images [(a)–(d)] during which atoms are extracted (area
53 × 47 Å, sample bias 1 V, tunnel current 1 nA). The selected atoms are indicated by numbers
1–4. A line profile XX′ through (b) is shown at the lower left and a corresponding calculated
line profile, for I = 1 nA at the bottom of the conduction band, at the lower right [52]. (Reprinted
with permission from Dujardin G, Mayne A, Robert O, Rose F, Joachim C, Tang H. Vertical
manipulation of individual atoms by a direct STM tip-surface contact on Ge(111). Phys Rev
Lett 1998;80:3085–3088. Copyright 1998, American Physical Society.)

calculated line profile (lower right corner). Atomic-level resolution STM images
of various TiO2 particles formed after annealing at 700 K are obtained [53]. Some
particles have a surface structure with a unit cell of 0.46 nm × 0.30 nm, which
is consistent with TiO2 rutile (100) structure. Some TiO2 nanoparticle structures
have short-range periodic arrangements not consistent with any TiO2 structure.
However, there are regions of the surfaces showing two lattice constants, 0.37
and 0.30 nm, which are typical for anatase (0.37 nm) and rutile (0.30 nm) TiO2,
respectively. These images show an intermediate state of the transformation
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from anatase to rutile phase. Such fine level and transition state crystal structure
information can only be revealed by STM. Growth of iron nanoparticle assemblies
on Au(111) herringbone surface is systematically studied by STM through the
variation of (1) deposition coverage, (2) substrate temperature, (3) xenon buffer
layer, and (4) nucleation seed effect. Iron deposited at 230–250 K results in regular
nanoparticle arrays, which can serve as templates with well-ordered nucleation
sites [54].

The subnanometer resolution of STM is very desirable. However, STM re-
quires that the surface studied is conductive or is made conductive. Also, the
surface structure is strictly obtained from direct measurement, not from diffrac-
tion pattern calculations. This can be a disadvantage if the surface structure is
poorly defined or is a mixture of multiple phases.

3.6.2 Bulk Structure

3.6.2.1 X-ray Diffraction XRD was discovered by von Laue in 1912 and
thereafter has been widely used for structural and chemical composition analyses
of crystalline materials. When X-ray photons collide with the electrons orbiting
around an atom, some photons from the incident beam will be deflected away
from the direction where they were originally traveling, much like billiard balls
bouncing off one another. If the wavelength of these scattered X-rays does not
change (meaning that the X-ray photons do not lose any energy), the process is
called elastic scattering, and the momentum is only transferred in the scattering
process. These are the X-rays measured in diffraction experiments. The
fundamental basis is that the XRD pattern is unique for each crystalline material
because of its own unique combination of unit cell structures/dimensions. By
determining the interplanar spacing of a crystal structure, unknown materials can
be identified. Changes in peak positions can be attributed to composition vari-
ations or structure differences. This technique is capable of providing qualitative
and quantitative information about the crystalline phase(s) of nanoparticles and
nanoparticle-based materials and can be used to analyze both single crystals and
polycrystals. The compositions of the crystalline phases can be determined by
comparing the intensities of the diffraction peaks with standards.

After synthesis, nanoparticles can exist as an amorphous phase, a crystalline
phase, or mixed crystalline phases. XRD of hydrothermally synthesized Fe2O3–
SnO2 nanoparticles shows drastic phase changes in relation to tin concentration
x [9]. Peak broadening is observed at different tin concentrations. At x = 0.0,
the XRD pattern corresponds to pure α-Fe2O3 phase. Small changes in the line
positions and broadening are observed at x = 0.08. At x = 0.21, the characteristic
lines of SnO2 appear. As the tin content in the samples increases, the amount of
α-Fe2O3 phase diminishes. At x = 0.86, only the large peaks corresponding to
SnO2 structure are observed. At x = 1.0, the XRD pattern corresponds to pure
tetragonal SnO2 phase.

For 1.5–15 nm palladium nanoparticles synthesized by reduction of PdCl2,
XRD results indicate the existence of face-centered cubic structure [55]. The
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FIGURE 3.11 XRD patterns of bulk and nanostructured V2O5 [57] (Reprinted with permis-
sion from Guimarães JL, Abbate M, Betim SB, Alves MCM. Preparation and characterization
of TiO2 and V2O5 nanoparticles produced by ball-milling. J Alloys Compd 2003;352:16–20,
Copyright 2003, Elsevier.)

XRD patterns for Cu3P and Ni2P nanoparticles synthesized via a solvothermal
method show hexagonal phases for both materials [56]. The mean crystalline
sizes are 26 nm and 16 nm for Cu3P and Ni2P, respectively, based on the Scherrer
equation explained previously.

Figure 3.11 shows the XRD patterns of both bulk and nanostructured V2O5.
All the diffraction peaks in the XRD pattern of bulk V2O5 can be indexed (for
simplicity, only the most intense diffraction peaks are labeled in Fig. 3.11). The
structure is orthorhombic with a = 11.510 Å, b = 3.559 Å, and c = 4.371 Å. This
shows that the bulk V2O5 is single phase and free from impurities [57]. For V2O5

nanoparticles, the peaks are wider (line broadening effect) and the peak intensity
is lower (less diffraction from the limited nanoparticle population). However, the
peak positions remain the same.

XRD has the significance of characterizing structures with long-range order,
although it is not as valid for disordered, amorphous structures. Each crystalline
phase has a unique XRD pattern, which can be used as the “fingerprint.” Other
advantages of XRD include the nondestructive nature, the capability to quickly
identify materials, the large library source of crystalline structures, and the abil-
ity to analyze crystalline mixtures. The XRD technique has a detection limit
of 0.1∼1 wt%.

3.6.2.2 Electron Diffraction TEM can provide not only images of nanopar-
ticles but also diffraction patterns for structural characterization. The fundamental
principle is the same as that of XRD except that the incident beam is electrons
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instead of X-rays. Since high-resolution TEM can resolve up to sub-angstrom,
characterization of crystallographic structures at atomic scale is also possible.
When a local structure cannot be examined by XRD, high-resolution TEM is
the best alternative. It can focus on single nanometer-sized areas and acquire
different electron diffraction patterns. Because of the limited number of crystals
(sometimes only one) in the view, only segmented diffraction rings or spots can
be obtained.

One example is shown in Figure 3.12 [58]. Crystalline Ni3B with a fused
nanoparticle porous network is synthesized using a modified polyol method
(synthesis of metal-containing compounds in poly(ethylene glycol)s). Ethylene
glycol acts as both the solvent and the reducing agent. KBH4 serves both as a
reducing agent for Ni2 + and as a boron source, while tetraethylene glycol serves
as a solvent capable of achieving reaction temperatures that can crystallize Ni3B.
The TEM image of the particles obtained immediately after reduction shows an
aggregated network made up of 50–90 nm particles that are amorphous based
on the diffuse ring pattern observed by electron diffraction (Fig. 3.12a). This
stage corresponds to the nucleation burst and aggregation that occur quickly
due to the introduction of a large excess of borohydride. Many small nuclei
are produced, which quickly aggregate into larger spherical particle networks to
minimize their exposed surface area. The aliquot (a portion of a larger whole,
especially a sample taken for chemical analysis) taken at 120◦C shows similar
fused nanoparticle morphology and remains amorphous by selected area electron
diffraction (Fig. 3.12b). At this stage, intraparticle ripening begins, leading to a
slight smoothing of the hierarchical nanoparticle surface. The smoother surface
minimizes the surface energy of the network, further stabilizing the nanoparticles.
Further heating (Fig. 3.12c) results in the crystallization of the Ni3B phase,
evidenced by the appearance of crystalline diffraction spots in the selected area
electron diffraction. Here, the primary particles making up the aggregates in
Figures 3.12a and b are no longer evident, having coalesced into a dense, fused,
nanowire-like aggregate. Sintering of the smaller aggregated spheres into the
larger crystalline spheres (e.g., the progression from Figs. 3.12b and c) possibly
helps to facilitate the entrapment of the boron in the final product since boron
usually has a very low solubility in nickel and would otherwise be prone to phase
separation. Finally, the sample annealed at 450◦C under argon is face-centered
cubic nickel, consisting of a similar network-like fused nanoparticle morphology
(Fig. 3.12d).

TEM can determine the positions of defects and the types of defects present if
the orientation of the sample is carefully selected. When a sample is oriented such
that one particular plane is only slightly tilted away from the strongest diffracting
Bragg angle, any distortion of the crystal plane that locally tilts the plane to the
Bragg angle will generate strong variations in contrast. However, defects only
produce displacement of atoms that do not tilt the crystal to the Bragg angle and
do not generate strong contrast. This difference allows for distinction between
crystal distortion and defect presence. In TEM, images are generated from the
contrast due to the difference in the phase of electron waves. As a result, image
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(a)

(b)

(c)

(d)

FIGURE 3.12 TEM images (left and middle in two magnifications) and electron diffraction
patterns (right) for (a) amorphous Ni–B alloy at 100◦C in tetraethylene glycol, (b) amorphous
Ni–B alloy at 120◦C in tetraethylene glycol, (c) crystalline Ni3B at 280◦C in tetraethylene
glycol, and (d) boron-containing face-centered cubic nickel prepared by heating isolated Ni3B
powder in argon at 450◦C [58]. (Reprinted with permission from Schaefer ZL, Ke X, Schiffer P,
Schaak RE. Direct solution synthesis, reaction pathway studies, and structural characterization
of crystalline Ni3B nanoparticles. J Phys Chem C 2008;112:19846–19851, Copyright 2008,
American Chemical Society.)
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contrast difference can also provide phase information, similar to an atomic force
microscope in the phase imaging mode.

Palladium nanoparticles are made by reducing H2PdCl4 with different alcohols
and stabilizing with polyvinylpyrrolidone (PVP). High-resolution TEM analy-
sis shows different geometric shapes including triangular, rhombohedral, square,
pentagonal, and hexagonal shapes [55]. For monodispersed BaTiO3 nanoparti-
cles, lattice images are recorded and a perovskite cubic structure is indicated
by the TEM results (Fig. 3.13) [59]. A bimetallic alkoxide molecular precursor
is used to ensure the correct stoichiometry of the product during the sol–gel
synthesis. The reactant precursor is highly sensitive to moisture, and there is
no need for acid/base catalyzed hydrolysis in this case. Figure 3.13a shows the
lattice image of a BaTiO3 particle viewed along the [110] projection. A single

(a) (b)

(c) (d)

FIGURE 3.13 Transmission electron micrographs of (a) a high-resolution lattice image of an
individual, 8 nm diameter BaTiO3 nanoparticle and (b) an ensemble of discrete, 8 nm BaTiO3

nanoparticles. Inset: selected area electron diffraction pattern. (c) Self-organization of BaTiO3

nanoparticles. (d) Superlattice of 8 nm diameter BaTiO3 nanoparticles [59]. (Reprinted with
permission from O’Brien S, Brus L, Murray CB. Synthesis of monodisperse nanoparticles of
barium titanate: toward a generalized strategy of oxide nanoparticle synthesis. J Am Chem Soc
2001;123:12085–12086, Copyright 2001, American Chemical Society.)
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crystal domain can be seen. The selected area electron diffraction pattern (Fig.
3.13b, inset) can be indexed to cubic symmetry, indicating that BaTiO3 is in the
perovskite cubic phase. Ionic displacement in BaTiO3 that gives rise to ferroelec-
tricity results in distortions to the noncentrosymmetric tetragonal phase. Changes
in lattice constants are typically ≥1% (c = 4.036 Å; a = 3.992 Å). Figure 3.13c
shows the self-organization of BaTiO3 nanoparticles, and Figure 3.13d shows the
superlattice of 8 nm diameter BaTiO3 nanoparticles.

Because of its ability to determine the crystal structure of a species adsorbed/
coated/imbedded in a different matrix and to identify impurities at specific atomic
locations, high-resolution transmission electron diffraction has become an indis-
pensable tool for nanoparticle and nanoparticle-based material characterization.
However, it should be emphasized that transmission electron diffraction only
examines very localized areas. The results should be carefully examined when
used to represent nanostructures across a larger scale.

3.6.2.3 Neutron Diffraction Neutron diffraction for crystal structure anal-
ysis is similar in principle to XRD and electron diffraction except that the beam
source is neutrons, which interact directly with the nucleus of an atom. Conse-
quently, the contribution to the diffracted intensity is different for each isotope;
for example, hydrogen and deuterium contribute differently during the neutron
diffraction analysis. It is also often the case that light (low atomic number) atoms
contribute strongly to the diffracted intensity even in the presence of high atomic
number atoms. The scattering length varies from isotope to isotope rather than
linearly with the atomic number. Nonmagnetic neutron diffraction is sensitive to
the positions of the nuclei of the atoms and can give very precise values for the
atomic positions in the structure. Although neutrons are uncharged, they carry a
spin, and therefore interact with magnetic moments, including those arising from
the electron cloud around an atom. Neutron diffraction can therefore reveal the
microscopic magnetic structure of a material.

During characterization, a sample is placed in a neutron beam; the beam is
diffracted by the periodic lattice of the crystalline material according to Bragg’s
law. The temperature evolution of CuO nanoparticles in the temperature range
of 1.5–250 K has been investigated by neutron diffraction. The CuO particles
are obtained by Cu(NO3)2·3H2O decomposition directly in the pores of a porous
glass. The average particle size is 15 nm and is almost temperature-independent.
Neutron diffraction of ZrO2 nanoparticles at several temperatures allows one to
monitor the reconstructive tetragonal to monoclinic phase transition as a function
of nanoparticle size [60]. During the experiments, the diffraction patterns at each
temperature are collected, just as what is done in XRD. These diffraction patterns
also simultaneously reflect the change of the tetragonal and monoclinic volume
fractions in the sample. Rietveld refinements on diffraction patterns allow one to
measure accurately the intrinsic integral breadths of Bragg peaks of nanocrystals.
The evolution of the peak breadths versus the Bragg angles gives an estimation
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of nanoparticle sizes at each temperature. The structure of the tetragonal phase
observed in the nanocrystals is identical to that observed in micron-sized ZrO2

above 1400 K. A uniaxial strain dependency on grain size is observed. The phase
transition occurs above a threshold crystal size. These results can be understood
as a mechanism of size-dependent phase transition where the primary order
parameter is altered by the nanoparticle size.

3.7 COMPOSITION

Similar to crystal structure characterization, composition analysis can be di-
vided into surface and bulk composition analyses. Surface composition plays an
important role in nanoparticle processing and properties, especially for nanopar-
ticles that have at least 10% constituting species residing on the surface [61].
There are three techniques currently used in nanoparticle surface composition
analysis: Auger electron spectroscopy (electron emission, AES), X-ray photo-
electron spectroscopy (photoelectron emission, XPS), and secondary ion mass
spectroscopy (ion emission, SIMS). All these surface analytical techniques can
provide both qualitative and quantitative surface composition data but need to
be carried out in an ultrahigh vacuum. Even though they are primarily used
for surface composition analysis (≤2 nm), these surface analytical techniques
can obtain information from much deeper layers by sequential surface removal
(also called depth profiling). Nanoparticle or nanostructured bulk material com-
position can be quantitatively analyzed by several techniques: optical atomic
spectroscopy, X-ray fluorescence spectroscopy (XFS), energy dispersive X-ray
spectroscopy (EDS), electron energy-loss spectroscopy (EELS), Fourier trans-
form infrared spectroscopy (FT-IR), ultraviolet-visible absorption spectroscopy
(UV-vis spectroscopy), and Raman spectroscopy. Even though XRD can pro-
vide compositional information for crystalline nanoparticles, the accuracy of the
technique is often lower than desired and will not be discussed here.

3.7.1 Surface Composition

3.7.1.1 Auger Electron Spectroscopy When an incident electron beam
of 3–20 keV hits nanoparticles, electrons in the nanoparticle surface layers will
emit from the inner electron orbitals upon collision with incident electrons.
When the resultant vacant sites are filled by the electrons from the outer orbitals
of the atom, the released energy can be transferred to other electrons and cause
them to eject from the atom. These ejected electrons are called Auger electrons,
which can be detected by an electron spectrometer when they escape from the
sample surface. This is called Auger electron spectroscopy (AES) (Fig. 3.14).
AES involves the detection of electrons emitted from the samples with kinetic
energies typically below 2000 eV and has a high surface sensitivity that arises
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FIGURE 3.14 Auger electron generation process. (For a color version of this figure, see the
color plate section.)

from the short distances that electrons travel at these energies without undergoing
inelastic scattering and energy loss. The low energies of these electrons also mean
that the electrons detected in Auger peaks are from the outer few nanometers of a
sample. The released energy associated with the electron emission from the atom
is characteristic of the specific element. Therefore, the identity of the elements
and the determination of the surface compositions can be realized by comparing
the experimental and standard Auger spectra for individual elements. Because
an electron beam can be focused to <5 nm in size, it is possible to analyze the
compositions of individual nanoparticles with AES. At the same time, AES is
very sensitive to surface composition variations. It can desirably measure particle
coatings, contamination, and oxidation states.

AES is used to study GaP and silicon semiconductors in order to under-
stand the surface chemical change as a function of exposure to the atmosphere,
electron irradiation, and Ar+ ion etching [62]. By comparison with the cor-
responding atomically clean surfaces obtained by ultrahigh vacuum cleavage,
the quantitative results show that exposure to air produces the build-up of an
oxidation/contamination layer. GaP develops a PxOy-rich layer in the more ex-
ternal regions (∼0.4 nm), whereas the chemistry of the inner regions (2–3 nm) is
comparatively less affected. Electron irradiation affects the surface chemistry of
atomically clean GaP to a much greater extent than that of silicon. Indeed, short
(3 hours) irradiation is already sufficient to “deposit” sizable amounts of oxidic
and carbonaceous species, which spread coherently over the entire GaP surface.
Conversely, no appreciable chemical change is observed in the AES spectra of
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FIGURE 3.15 AES spectra of: (a) ZrO2 particles, (b) PEI adsorbed ZrO2 particles [63].
(Reprinted with permission from Wang J, Gao L. Surface properties of polymer adsorbed
zirconia nanoparticles. Nanostruct Mater 1999;11:451–457, Copyright 1999, Elsevier.)

silicon for durations ≤24 hours. The silicon surface is covered with a SiO2-like
film, which can be removed for the most part by Ar+ etching. The surface left af-
ter this treatment is meaningfully less carbon- and oxygen-rich than that obtained
by exposing the cleaved material to the atmosphere for a few seconds.

For ZrO2 nanoparticle (3 mol% yttria doped) aqueous suspensions dispersed
with polyethylenimine (PEI), the surface bond structure of PEI adsorbed on ZrO2

is investigated by AES analysis [63]. The PEI coatings influence the surface struc-
ture of core ZrO2 particles as shown in Figure 3.15. The AES spectra of uncoated
ZrO2 nanoparticles show distinctive peaks of zirconium at 94, 120, and 150 eV
in curve (a). After PEI adsorption, however, the low kinetic energy peaks of zir-
conium at 94 and 120 eV are almost annihilated. Simultaneously, a broad carbon
peak appears at about 285 eV, the characteristic position for the carbon 1s elec-
trons. The apparent intensity decreases of low-energy zirconium peaks suggest
that PEI adsorption is a surface chemisorption process. The formation of O–H–
N hydrogen bonds between ZrO2 and PEI molecular chains on the solid/liquid
interfaces affects the AES spectra of ZrO2 at the low-energy terminal, which
reflects the surface atomic structure within a limited depth. The chemisorption
of PEI onto ZrO2 nanoparticles affects the interfacial features of ZrO2 aqueous
suspensions. Electrochemically prepared silicon nanoparticles without and with
titanium or nickel are characterized using AES [64]. Metal deposition on the
nanoparticle surface decreases the oxygen and carbon contents but increases the
size of silicon nanoparticles.

AES is a popular technique for determining the composition of the top few
atomic layers of nanoparticles or nanoparticle-based materials. The analysis
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depth is normally between 10 and 100 Å. Except for hydrogen and helium,
AES is sensitive to all the other elements in the periodic table, and it is espe-
cially sensitive to the low atomic number elements, in which electrons are more
tightly bound to a nucleus. The advantages of AES are that the characteriza-
tion process is fairly rapid and provides high reproducibility of the results. The
disadvantages are that it is largely used for elemental analysis and not reliable
for nonconductive nanoparticles because of electrostatic charging. Even though
oxidation states should be detected by a chemical shift for Auger transitions,
such shifts cannot always be easily correlated to a shift of a particular level. A
fine structure of Auger peaks is needed, but sometimes the peaks are convoluted,
which hinders oxidation state analysis. The size of nanoparticles (and interactions
with the substrate) can impact the binding energy and peak width of photoelec-
trons, change the valence band peak shapes, and alter the Auger parameters. As
explained before, surface species can be removed layer-by-layer for consecu-
tive analysis and three-dimensional data acquisition (depth profiling), mostly by
ion bombardment.

3.7.1.2 X-ray Photoelectron Spectroscopy In XPS, the sample surface
is irradiated by a low-energy X-ray photon source and photoelectrons are ejected
from the sample surface (Fig. 3.16):

Ebinding = hν − Ekinetic − W, (3.13)

where Ebinding is the binding energy of photoelectrons, h is the Planck constant,
νX is the frequency of the X-ray photons used, Ekinetic is the kinetic energy of the
ejected photoelectrons, and W is the work function of the spectrometer. Ebinding

is characteristic of the analyzed elements and the orbit from which the electrons
are emitted. According to Equation (3.13), the binding energy can be determined
by measuring the kinetic energy with known W. A typical XPS spectrum is a plot
of the number of photoelectrons ejected versus a set of binding energies of these
electrons being detected. Elements on the sample surface can thus be identified

FIGURE 3.16 X-ray photoelectron generation process. (For a color version of this figure,
see the color plate section.)
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using XPS peaks rising at their characteristic binding energies. The peak areas
can be used to calculate the amounts of the elements, from which the atomic ratio
of the surface elements can be obtained after normalization.

Although a wider range of energies is available when synchrotron X-ray
sources are used for XPS, most of the X-ray photoelectron spectrometers use
laboratory-based X-ray sources, which have much lower energies than the syn-
chrotron X-ray source. XPS does not have the spatial resolution to analyze individ-
ual nanoparticles (with the possible exception of a few special synchrotron-based
systems with a highly focused and bright source of X-rays). However, it is often
possible to analyze collections of particles (in a single layer or, effectively, in
a powder form). For nanoparticles and nanoparticle-based materials, XPS has
become one of the most highly used and important tools for surface composi-
tion analysis. Even though sometimes it is not considered a “nanoscale analysis
method,” XPS can provide a great deal of information about elemental distribu-
tions, layer or coating structures and thicknesses, surface functionality, and even
particle sizes on the 1–20 nm scale for sample types that may not be readily ana-
lyzed by other methods. This information is important for both nanoparticles and
a variety of nanostructured bulk materials. Nonetheless, surface contamination,
oxidation, and adsorption should be carefully controlled to avoid unintentional
errors in XPS analysis.

XPS is employed to monitor the chemical states during the synthesis of TiO2

nanoparticles [53]. Titanium oxidation state change is observed when the tem-
perature is increased. The influence of organic materials on the reactivity of
iron metal-core/oxide-shell nanoparticles in deionized water serves as an exam-
ple of both the formation of coatings and their impact. The XPS measurements
(Fig. 3.17) show that the iron near the surface starts as Fe3 + , but an Fe2 + com-
ponent forms after the exposure to the solution. The XPS results also show that
the nature of the surface carbon and oxygen is altered by both water exposure
and the presence of organic materials [5].

XPS is a unique technique that can provide not only qualitative and quantitative
information of the elemental composition of the surface but also information
about chemical bonding (oxidation state) of surface atoms. Also, XPS can detect
elements with atomic number from 3 to 103. Similar to AES, XPS is not suitable
for hydrogen and helium detection and can only penetrate 1–10 nm depth into
the sample surface because of the low energy of the X-ray source. XPS generally
has a lateral resolution of 1 µm and depth resolution <3 nm. The detection limit
is 100–1000 parts per million. Surface contamination should be strictly avoided,
and high vacuum is needed during XPS characterization. As with AES, XPS can
characterize sample depth compositions with layer-by-layer ion bombardment
(depth profiling).

3.7.1.3 Secondary Ion Mass Spectroscopy In SIMS, secondary ions
are detected and analyzed by a mass spectrometer when the surface of nanopar-
ticles or nanoparticle-based materials is bombarded by an energetic primary
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(a)

(b)

FIGURE 3.17 XPS data from iron metal-core/oxide-shell nanoparticles as received, after
24 hours of exposure to deionized water, and after 24 hours of exposure to deionized water
containing 20 mg L−1 natural organic material. The iron 2p photoelectron peaks are consistent
with an initial oxide shell of mostly Fe3 + . After the solution exposure, the decrease in the
∼719 eV satellite and some peak broadening suggest the appearance of an Fe2 + component.
More apparent is an increase of C = O bonds at ∼289 eV in the carbon 1s photoelectron
peaks for water and natural organic material exposure samples and the significant increase
in the ∼531.5 eV peak feature for oxygen 1s due to OH− and other oxygen in the natural
organic material [5]. (Reprinted with permission from Baer DR, Gaspar DJ, Nachimuthu P,
Techane SD, Castner DG. Application of surface chemical analysis tools for characterization
of nanoparticles. Anal Bioanal Chem 2010;396:983–1002, Springer Science + Business
Media, Fig. 3.)
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FIGURE 3.18 Ion bombardment process during secondary ion mass spectroscopy. (For a
color version of this figure, see the color plate section.)

beam (Fig. 3.18). The primary beam can be electrons, ions, neutral particles, or
photons. The primary source is capable of generating a beam of ions or atoms
with energy in a range of 0.5–50 keV. The emitted ions are analyzed directly
by a mass spectrometer to provide the chemical compositions of the surface.
Positively and negatively charged species are collected and analyzed in separate
spectra. Information on the chemical bonding of the atoms can also be extracted.

Ion beams can be used in a variety of ways to obtain information about the
nature of nanoparticles and nanoparticle-based materials. SIMS is capable of
one part per million to one part per billion sensitivity. The lateral resolution is
1 µm and the depth detection limit is ∼0.1 nm. Depending on the rate of the
surface ionization process, there are two modes of SIMS: static and dynamic. In
static SIMS, a very low primary ion flux is directed at the nanoparticle surface so
that the surface is ionized and removed slowly. Generally, the beam diameter is
between 50 nm and 200 µm with the beam current in a range of 10−10–10−8 A,
depending on the area analyzed. Dynamic SIMS employs a high flux of primary
ions to obtain a high yield of secondary ions. The surface is ionized and removed
rapidly, thus probing the bulk material down below the surface to obtain a depth
profile. Beam current densities up to several A·cm−2 and beam energies >5 keV
are used in dynamic SIMS.

At a finer scale, time-of-flight mass spectrometry utilizes the fact that ions
with the same energy but different masses travel with different velocities for
composition analysis. Ions formed by a short ionization event are accelerated
by an electrostatic field to a common energy and travel over a drift path to the
detector. The lighter ions arrive before the heavier ones and a mass spectrum
is recorded. Measuring the flight time for each ion allows for the determination
of its mass. This cycle is repeated with a repetition rate that depends on the
flight time of the highest mass to be recorded. Time-of-flight SIMS is useful for
obtaining molecular information about surface layers, functional groups added
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to the surface, and contamination. The advantages include the ability to detect all
elements (including hydrogen) and high mass molecular species, high sensitivity
(ppt per billion), and high surface specificity. One of the primary uses of time-of-
flight SIMS is to extract molecular information about the functional groups and,
possibly, the molecular orientation of coatings on particle surfaces. During time-
of-flight SIMS measurements, primary ion beams of Ga+ , Ar+ , O2 + , Cs+ ,
C60

+ , Au+ , Bi+ , or other atomic, molecular, and cluster ions with energies
between 3 and 20 keV strike the sample surface and result in the ejection of
secondary ions. To extract surface molecular information, time-of-flight SIMS is
used in a “static” mode that involves a low density and a low dose of ions such
that the surface damage and alteration are minimized. Both atomic and molecular
secondary ions are used to extract the surface information.

SIMS is used to study the nanostructural modification of the surface of tung-
sten samples made by nitrogen ion implantation [10]. The density of implanted
nitrogen ions and the depth profile of nitrogen ions in tungsten as a function of
temperature are measured. Both the N+ density and the penetration depth of
N+ in tungsten samples show a minimum at a certain temperature, consistent
with XRD results. For silver nanoparticle dispersion in SiO2-based sol–gel films,
SIMS is carried out in ultrahigh vacuum conditions to measure the concentration
profiles along the depth [65]. Silver concentration decreases with the treatment
temperature. Silver diffusion toward the substrate is related to ion exchange with
Na+ ions from the soda-lime glass substrate. TiO2 nanoparticle surfaces are
modified by depositing a poly(acrylic acid) thin film through plasma polymeriza-
tion [66]. Time-of-flight SIMS is employed to characterize the chemistry of the
coated nanoparticles. It shows that plasma polymerization is an effective method
to coat TiO2 nanoparticles.

The advantages of SIMS are high spatial resolution, high sensitivity for quan-
titative elemental analysis, and the ability to provide a detailed analysis of the
chemical composition of surfaces. Since only ions in the uppermost atomic lay-
ers of the bombarded surface are excited, SIMS has a high surface sensitivity. A
unique feature of SIMS is its ability to analyze H+ , which cannot be detected
using other techniques. However, SIMS can be very sensitive to contamination
during the sample preparation and measurement. To effectively use the technique,
a pristine surface and a high vacuum are required. Also, SIMS causes damage to
the surface during the analysis.

3.7.2 Bulk Composition

3.7.2.1 Optical Atomic Spectroscopy Optical atomic spectroscopy in-
volves atomic absorption (AA) and atomic emission (AE). This method is based
on transitions of electrons between the outer energy levels in atoms. Since each
element has its own characteristic energy levels, elemental composition can be
identified from the wavelength of absorbed or emitted radiation during the tran-
sition of electrons. The intensity of the radiation can be used to determine the
relative amounts of the compositions. A high precision and a low detection limit
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make the technique very valuable for the determination of major, minor, and trace
elements.

In AA analysis, nanoparticles are dissolved in a liquid to form a solution. The
liquid is then broken into fine droplets and vaporized into individual atoms by
heating. Vaporization is mostly achieved by introducing droplets into a flame
(flame atomic absorption spectrometry or flame AA). The advantage of flame
AA is that it is rapid even though it often times analyzes compositions in a se-
quential manner. The main problems with flame AA are incomplete dissociation
of refractory elements in the flame and difficulty in determining elements that
have resonance lines in the far UV region. Therefore, elements such as boron,
vanadium, tantalum, tungsten, phosphorous, sulfur, and halogens cannot be pre-
cisely determined by flame AA. Vaporization in a graphite furnace (furnace AA)
provides better detection limits than flame AA. Optical absorption spectra are
obtained to demonstrate the properties of CdSe nanoparticles synthesized by stan-
dard airless arrested precipitation from Cd(ClO4)2·6H2O and bis(trimethylsilyl)
selenium [67]. It shows that the absorption threshold shifts red with increasing
average yield, as expected with increasing particle size. The stability of an Ag-
containing organic dispersion is studied using optical absorption spectroscopy
[68]. The insignificant change of the spectra indicates that the sol is highly stable
under the examination conditions.

When a plasma is used for vaporizing a solution (inductively coupled plasma
(ICP)), the incomplete elemental dissociation in flame AA can be eliminated
because of higher decomposition temperatures. ICP also allows simultaneous
analysis of several elements. However, ICP analysis of trace elements is slow
and should only be used when the other two techniques cannot provide adequate
information. TiO2/(MoO3)x core/shell nanoparticles are dissolved in concentrated
sulfuric acid (H2SO4). The solution is then diluted and analyzed using ICP [69].
The results show different values of x from 0.18 to 1.8. For Fe/Au core/shell
nanoparticles made from laser-assisted synthesis, ICP is used to characterize the
composition, and the iron mass fraction measured by ICP is 23.5% [70]. For
Ti–Fe nanoparticles synthesized using a hydrogen plasma-assisted technique,
ICP is used to analyze the composition of different samples. Different titanium
contents from 0 to 100 at% are detected [71].

In AE spectroscopy, a sample is put in a radiation environment to produce free
atoms and excited states where transitions with high emission efficiency start
[72]. As mentioned earlier, a radiation source is necessary in AE spectroscopy
although different sources may be used. The most common source is a flame,
which provides low temperature but satisfactory spatial and temporal stability.
Arcs and sparks find their applications when analyzing solid samples and when
many elements need to be analyzed. Plasma is an important source in the AE
technique and is suitable for multielement detection and analysis of liquid sam-
ples. Electrically generated discharge can overcome the shortcoming of the low
temperatures associated with flames while maintaining desirable radiation sta-
bility. At atmospheric pressure, the lowest temperature that the discharges can
achieve is 5000 K, which is much higher than what a flame source can produce
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(2000–3000 K). AE is capable of both qualitative and quantitative analysis. The
unique spectral line of each element provides elemental identification. Nowa-
days, with the large database of reference spectra, line identification has become
easy and without ambiguity. The intensity of an elemental line in the spectrum
is used to quantitatively determine the content of the element interested. Since
all elements in the sample emit light simultaneously in the radiation source, the
AE technique has the advantage of multielement analysis. It can also carry out
the analysis in sequence. Sequential spectroscopy is flexible since any elemental
line and background wavelength within the spectral range (normally from 200
to 600 nm) can be measured. However, the technique is time consuming when
many elements need to be analyzed.

It should be mentioned that optical atomic spectroscopy has long been in
existence and is widely used for conventional materials. It generally requires
gram-level samples for analysis. For nanoparticle materials, this is not always
practical and the use of such a technique is not widespread.

3.7.2.2 X-ray Fluorescence Spectroscopy XRF is a technique for qual-
itatively and quantitatively determining elemental compositions by measuring
the wavelengths and intensities of electron transitions from the outer to the in-
ner energy levels of an atom. The energy associated with these transitions (0.6–
60 keV) is significantly greater than that associated with those in optical atomic
spectroscopy (a few eV). A beam of energetic X-rays is used in this method. The
absorption of an X-ray leads to excited atoms due to the transition of electrons to
higher energy levels. When excited atoms readjust to their ground states, there are
two possible processes. One involves the rearrangement of the electrons, which
leads to the ejection of electrons from higher energy levels-Auger electrons,
which are the basis for AES discussed earlier. The other process leads to the
emission of X-rays when the electrons transit from the outer levels to fill the va-
cant electron sites in the inner energy levels. This secondary X-ray beam emitted
from the specimen is the basis for XRF (Fig. 3.19). The emitted radiation from a
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FIGURE 3.19 X-ray fluorescence spectroscopy working mechanism. (For a color version
of this figure, see the color plate section.)
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specimen can be diffracted through a single crystal to isolate narrow wavelength
bands or analyzed with a proportional detector to isolate narrow energy bands.
The relationship between wavelength and atomic number is then used to deter-
mine the specific element. The intensity of the spectral line is used to determine
the concentration of the element.

By photolytic decomposition from ammine complex, palladium nanoparticles
with sizes ranging from 1 to 5 nm are synthesized [73]. XRF is employed as a
sensitive tool to detect the impurities and shows that PdO is not detected, which
confirms that the product is palladium metal nanoparticles. For WO3 nanoparti-
cles of 18–25 nm size, XRF is used to determine the chemical composition of the
particles and the relative deposition rate under different conditions [74]. How-
ever, the measurement only provides the relative amount of elemental tungsten
in the deposits.

The difference between optical atomic spectroscopy and XRF is that the for-
mer works well for solutions and requires complete dissolution of the particles
while the latter is ideal for solid samples. The XRF technique has been used for
the measurement of major, minor, and trace elemental concentrations. The disad-
vantages are that the sensitivity of XRF decreases dramatically with decreasing
atomic number and cannot be used for elements with atomic number smaller
than 9.

3.7.2.3 Energy Dispersive X-ray Analysis The EDS technique detects
X-rays emitted from the sample during the bombardment by an electron beam to
characterize the elemental composition of the analyzed volume. When the sample
is bombarded by an electron beam, electrons are ejected from the atoms compris-
ing the sample (surface). The resulting electron vacancies are filled by electrons
from a higher state, and an X-ray is emitted to balance the energy difference
between the two electron states (Fig. 3.20). The X-ray energy is characteristic of
the element from which it is emitted. The EDS X-ray detector measures the rela-
tive abundance of emitted X-rays versus their energies. The detector is typically
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FIGURE 3.20 Energy dispersive spectroscopy working mechanism. (For a color version of
this figure, see the color plate section.)
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a lithium-drifted silicon solid-state device. When an incident X-ray strikes the
detector, it creates a charge pulse that is proportional to the energy of the X-ray.
The charge pulse is converted to a voltage pulse (which remains proportional
to the X-ray energy) by a charge-sensitive preamplifier. The signal is then sent
to a multichannel analyzer, where the pulses are sorted by voltage. The energy
for each incident X-ray, as determined from the voltage measurement, is sent
to a computer for display and further data evaluation. The spectrum of X-ray
energy versus counts is evaluated to determine the elemental composition of the
sampled volume. EDS analysis is available on TEM, SEM, and STEM (scan-
ning transmission electron microscope) instruments to identify unknown species
or to obtain information on the spatial distribution of certain species of inter-
est. Specimen drift correction is usually required in order to obtain statistically
meaningful X-ray signals when very small particles/samples are analyzed. Nev-
ertheless, EDS can detect the presence of just a few atoms if the analyzed volume
is small enough. Depending on the electron beam focusing capability, material
properties, and sample size, features or phases as small as 1 nm can be analyzed.
For EDS analysis from an SEM, the lateral and depth resolutions are ∼1 µm
and the detection limit is 1000 parts per million. For EDS analysis from a TEM,
the lateral and depth resolutions are <2 nm and the detection limit is 1000 parts
per million. Composition–location plots can provide the compositional profiles
of individual nanoparticles or clusters, and reveal whether the compositions of
individual nanoparticles vary with their sizes or their relative locations.

For qualitative EDS analysis, X-ray energy values from the EDS spectrum
are compared with known characteristic X-ray energy values to determine the
presence of an element in the sample. Elements with atomic numbers ranging
from that of beryllium to uranium can be detected. Quantitative results can be
obtained from the relative X-ray counts at the characteristic energy levels for
the sample constituents. Semiquantitative results are readily available without
standards by using mathematical corrections based on the analysis parameters
and the sample composition. The accuracy of standardless analysis depends on
the sample composition. Greater accuracy is obtained using known standards with
similar structure and composition to that of the unknown sample. For elemental
mapping, characteristic X-ray intensity is measured relative to lateral position
on the sample. Variations in the X-ray intensity at a characteristic energy value
indicate concentration changes of the examined element across the surface. Maps
of multiple elements can be recorded simultaneously. In the line scan mode, an
electron beam is scanned along a preselected line across the sample while X-rays
are detected for discrete positions along the line. Analysis of the X-ray energy
spectrum at each position provides plots of the elemental concentration of each
element versus position along the line.

A composition–nanoparticle size plot obtained from a 2wt%Pd/1wt%Cu/γ -
Al2O3 bimetallic catalyst [75] shows that the composition of the individual Pd–Cu
nanoparticles does not vary much with the size of the particles, but changes sig-
nificantly with the examination location in individual particles. In a different
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FIGURE 3.21 EDS spectra of annealed Y2O3:Eu3 + nanoparticles prepared with (a) butanol,
(b) hexanol, (c) oleic acid, and (d) oleic acid as surfactants [77]. (Reprinted with permission
from Jadhav AP, Kim CW, Cha HG, Pawar AU, Jadhav NA, Pal U, Kang YS. Effect of different
surfactants on the size control and optical properties of Y2O3:Eu3 + nanoparticles prepared by
coprecipitation method. J Phys Chem C 2009;113:13600–13604, Copyright 2009, American
Chemical Society.) (For a color version of this figure, see the color plate section.)

example, the composition–size plot shows that the composition of the individual
Pd–Ni particles for a 5wt%Pd/1wt%Ni/TiO2 bimetallic catalyst changes signif-
icantly with the sizes of the individual nanoparticles and also varies with their
relative locations. Smaller particles contain more palladium and larger particles
contain more nickel. For SiO2 on PbSe core/shell nanoparticles, EDS spectra in-
dicate the presence of platinum and selenium in the cores, and silicon and oxygen
in the shell [76]. EDS is also used to analyze the surface chemistry of nanopar-
ticle mixtures, such as tungsten and MoO3, and SiO2 and TiO2 [79]. However, it
cannot provide information down to the nanoscale since the interaction volume
of the electron beam with the sample is in the micron range. Nanoparticles of
europium-doped yttrium oxide (Y2O3:Eu3 + ) are synthesized by a coprecipita-
tion method using different surfactants such as butanol, hexanol, and oleic acid.
The as-prepared Y2O3:Eu3 + samples are annealed at 800◦C [77]. Figure 3.21
shows the EDS spectra of Y2O3:Eu3 + nanoparticles synthesized. The existence
of europium in the samples is clear in their corresponding EDS spectra. No other
emissions appear apart from yttrium, europium, oxygen, copper, and carbon in
the EDS spectra of the samples. The yttrium to europium atomic ratio is 95:5,
which is close to their nominal compositions (Y2(0.095)Eu2(0.005)O3). Given the
fact that the existence of carbon and copper is from the copper grid used in
the characterization, it is easy to see the effective incorporation of Eu3 + into
the matrix.
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The availability of fast computers for automation and online data analysis
makes it possible to analyze extremely complex nanomaterial systems and to
quickly diagnose their basic compositions. Small electron probes can achieve
high spatial resolutions because the X-ray signal originates from a much smaller
volume. In the meantime, a weaker signal is collected and longer acquisition time
is usually needed to obtain statistically meaningful data points. EDS is easy to use,
sensitive to heavy elements, excellent at identifying atomic compositions, and
readily available on most electron microscopes (TEM, SEM, electron probe, and
STEM). Since EDS requires standards, it is better to be used together with other,
more accurate characterization techniques in order to quantitatively interpret data.

3.7.2.4 Electron Energy Loss Spectroscopy When an electron beam
hits and traverses nanoparticles, it loses some energy. In EELS, inelastically
scattered electrons are collected and spectroscopically analyzed to provide the
energy spectra of the electrons after their interaction with the sample, from which
quantifiable elemental information can be obtained. The spectra can be collected
in series or in parallel. Serial collection has low efficiency—only one channel can
be investigated at one time but is easy to operate. Parallel collection gathers the
entire energy spectrum simultaneously and is two to three times more efficient
than serial collection. When a spectrum from EELS is filtered and the filtered
electrons are combined, images can be generated, which is known as electron
spectroscopy (Fig. 3.22).

For GaP and silicon semiconductors, surface chemical changes are examined
as a function of atmosphere, electron irradiation, and Ar+ etching [62]. The
electron irradiation from EELS does not affect the surface chemistry. EELS can
qualitatively detect chemical shifts as high as ∼6 eV due to different chemical
states while quantitatively analyzing certain elements such as Si0 and Si4 + .
For niobium carbonitride nanoparticles in ferrite, chemical composition analysis
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FIGURE 3.22 Electron energy loss spectroscopy illustration. (For a color version of this
figure, see the color plate section.)
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of the particles down to 6 nm is investigated by EELS [78]. The addition of
a considerable amount of nitrogen into the alloy Fe-(Nb, C, N) results in a
complex precipitation sequence with the coexistence of two kinds of particles:
pure nitrides and homogeneous carbonitrides. EELS imaging is able to achieve
both angle selection and energy selection of elastically and inelastically scattered
electrons [79]. By assigning an “energy window” in an energy loss spectrum
region, EELS is able to image certain elements in a sample while a global image
can be recorded simultaneously under zero energy loss conditions. A comparison
between the global image and the elemental image provides the distribution of
different species. EELS demonstrates its unique advantage in energy filtering.
By providing a high-resolution elemental map, EELS can fully characterize
nanoparticle mixtures of TiO2 and SiO2 [79].

The morphological and structural features of core/shell iron/iron oxide
nanoparticles with respect to particle size, shell thickness, and crystallographic
orientation between the iron core and the oxide shell have been reported. EELS
spectra for a specific atomic species are influenced by both the coordination chem-
istry and the valence state of the atomic species being measured. A side-by-side
comparison of the EELS spectra (around 530 eV) obtained on the core/shell
structured iron nanoparticles and the fully oxidized nanoparticles is carried
out [80]. As is evident from Figure 3.23, significant differences can be seen
in the intensity of the prepeak a for standard Fe3O4, the core/shell structured
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FIGURE 3.23 Comparison of EELS spectra (around 530 eV) collected on standard Fe3O4

nanoparticles, core/shell structured iron nanoparticles, and fully oxidized nanoparticles (no iron
core at the center). To exclude the uncertainty for the absolute energy-loss scale, the prepeak
is aligned at 532 eV, and, for clarity, each spectrum is vertically shifted [80]. (Reprinted
with permission from Wang C, Baer DR, Amonette JE, Engelhard MH, Antony J, Qiang Y.
Morphology and electronic structure of the oxide shell on the surface of iron nanoparticles.
J Am Chem Soc 2009;131:8824–8832, Copyright 2009, American Chemical Society.) (For a
color version of this figure, see the color plate section.)
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nanoparticles, and the fully oxidized nanoparticles. The prepeak a is located at
∼532 eV, which can be interpreted as a transition from the oxygen 1s core state
to the unoccupied state of oxygen 2p hybridized with the iron 3d state. Therefore,
the intensity of the prepeak a reflects the unoccupied 3d state in the iron atoms
available for mixing with the oxygen 2p state, as well as the bond length of
Fe−O. This explains why the intensity of the prepeak a relative to that of peak b
increases in the sequence of FeO to Fe3O4. The iron in FeO has a valence of + 2
and a correspondingly longer Fe−O bond length (six Fe−O bonds at 2.15 Å) than
the iron in Fe3O4 (one Fe−O bond at 1.89 Å and three Fe−O bonds at 2.06 Å).
Furthermore, it is known that FeO is normally defective with a large fraction of
iron vacancies.

EELS can provide detailed information on the composition, chemistry, and
electronic structure of nanoparticles with atomic resolution and sensitivity. It can
also attain spatial resolution down to ∼0.1 nm with modern aberration-corrected
probe-forming systems. In addition, the technique measures atomic composition,
chemical bonding, valence and conduction band electronic properties, and ex-
amines low atomic number elements that other techniques cannot do. However,
EELS is a low-energy technique and can be difficult to use. If transmitted elec-
trons need to be collected, then the nanoparticles or nanoparticle-based materials
need to be thin enough to be electron transparent.

3.7.2.5 Fourier Transform Infrared Spectroscopy FT-IR is often used
in the analysis of functional group structural changes and new species present
on nanoparticles or nanoparticle-based material surfaces. It detects the vibration
characteristics of chemical functional groups in a sample. When IR light interacts
with a sample, chemical functional groups absorb IR radiation in a certain wave
number range due to the stretching, contracting, and bending of chemical bonds,
no matter what the molecular structure is. FT-IR measures the absorption of
various IR light wavelengths by the sample of interest and gives the percentage
of transmission versus wavelength (Fig. 3.24).

FIGURE 3.24 FT-IR characterization process. (For a color version of this figure, see the
color plate section.)
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FIGURE 3.25 FT-IR spectra of (a) fresh titanyl sulfate, (b) titanyl sulfate dried at 350◦C for
1 hour, and (c) as-milled powder [82]. (Reprinted with permission from Salari M, Mousavikhoie
SM, Marashi P, Rezaee M. Synthesis of TiO2 nanoparticles via a novel mechanochemical
method. J Alloys Compd 2009;469:386–390, Copyright 2009, Elsevier.)

FT-IR is used to characterize dispersed Fe3O4 nanoparticles in aqueous sus-
pensions [81]. Combined with XPS, FT-IR shows that the Fe3O4 nanoparticle
surface is covered with hydroxide (OH−) groups incorporated with (CH3)4N+

through electrostatic interactions. A broad and intense band in the region of 3200–
3600 cm−1 indicates O–H stretching vibrations, while the band at 1634 cm−1

represents C–N stretching vibrations. Compared to the vibration peak of pure
N(CH3)4OH, the C–N band indicates the adsorption of N(CH3)4OH on Fe3O4

nanoparticles. Figure 3.25 shows the FT-IR spectra of untreated titanyl sulfate
(a), dried titanyl sulfate at 350◦C (b), and as-milled powder (c). The broad IR
absorption peak in the range of 3200–3500 cm−1 with a maximum at 3345 cm−1

arises from the superposition of the interacting hydroxyl groups (i.e., involved
in hydrogen bonds) and symmetric and asymmetric molecular water coordinated
to Ti4 + cations. The band at 1624 cm−1 is assigned to the bending mode of
molecular water. The effect of heat treatment on the spectrum of the untreated
titanyl sulfate is shown by a significant drop in the broad absorption in the
range of 3200–3500 cm−1 and in the band at 1624 cm−1, indicating the removal
of a large part of weakly bonded and adsorbed water (curves (a) and (b) in
Fig. 3.25). The band observed at 2411 cm−1 is assigned to S–O vibrations. The
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treatment of the dried titanyl sulfate causes a large decrease in the 2411 cm−1

band and a shift toward lower frequencies, indicating the weakening of the band
strength. From the spectrum, it can be concluded that the sample largely consists
of weakly adsorbed water, which is produced during mechanochemical reduc-
tion. The bands observed at 2855 cm−1 and 2933 cm−1 are assigned to S–O
vibrations, which are produced during mechanochemical reduction and removed
by annealing [82].

Qualitatively, FT-IR can identify specific molecular components and structures
by obtaining the IR absorption bands of the sample of interest and comparing
them with the standard spectra in a computer database. The process is quick and
has high signal to noise ratio. Since the concentration is reflected by the strength
of the absorption peak, FT-IR can also quantitatively determine the concentra-
tion of a compound from the area under the absorption peak in the characteristic
region of the spectra. Sample preparation for FT-IR is simple and only a small
amount of sample is needed. However, FT-IR does not measure spectra. It mea-
sures interferograms, which are difficult to interpret without first performing
a Fourier transformation to produce a spectrum. With the aid of fast comput-
ers, this is becoming less of an issue. For highly sensitive and long duration
measurements, changes in IR absorbing gas concentration can severely affect
the results.

3.7.2.6 Ultraviolet-Visible Absorption Spectroscopy UV-vis spec-
troscopy is another technique for composition analysis based on absorption.
Hydrogen or deuterium is normally the light source for UV wavelength measure-
ment. Tungsten is the light source for visible wavelength measurement. Although
falling in different regions of the electromagnetic spectrum, the UV and visible re-
gions of the electromagnetic spectrum are linked in UV-vis spectroscopy because
of the similarities between the two regions, allowing UV and visible absorption
spectroscopies to be used at the same time. When UV or visible light strikes
atoms or molecules, it can either be bounced off or cause the electrons in the
atoms or molecules to jump from a lower energy level to a higher energy level
by absorbing energy. Different species absorb radiation at different wave num-
bers. The atom or molecule types existing in the sample can thus be identified
(Fig. 3.26). According to Beer’s law, absorbance is directly proportional to the
concentration of absorbing species:

A′ = εbca, (3.14)

where A′ is the absorbance, ε is the absorbicity, b is the path length, and ca is the
concentration of absorbing species. Therefore, the species concentration can be
measured precisely.

UV-vis spectra of solutions containing gold nanoparticles are measured be-
fore and after the reduction of metal ions [83]. Before the reduction, a strong
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FIGURE 3.26 UV-vis spectroscopy illustration. (For a color version of this figure, see the
color plate section.)

absorption band at 200 nm is observed, indicating the existence of HAuCl4. After
the reduction, this band vanishes, indicating that AuCl−4 is completely reduced
to gold, the absorption bands of which appear at 280 nm and 520 nm in the UV
spectra. When UV-vis spectroscopy is applied to Au–Ag alloy nanoparticles, a
comparison shows that an alloy formed from the reduction is different from a
mixture [84]. For gold nanoparticles formed via laser photolysis of Au(III) salts,
UV-vis spectroscopy is used to investigate the influence of the gold salt type,
presence of water, and laser irradiation on the rate of reduction reaction and gold
nanoparticle formation [85]. The reduction of Au(III) to metal nanoparticles is ob-
served stepwise. The existence of water in the system containing HAuCl4·3H2O
accelerates the reduction while the gold particle size is not affected. Figure 3.27a
shows the UV-vis spectra of thioglycolic acid-capped gold nanoparticles with
different volume ratios of water/acetone. Compared with the UV-vis spectra of
as-prepared thioglycolic acid-capped gold nanoparticles in Figure 3.27b with de-
creasing water/acetone ratios, an additional peak gradually appears above 600 nm
besides the absorbance band located at 520 nm, which is attributed to the lon-
gitudinally coupled plasmon band along the linear chains of gold nanoparticles.
From the appearance of this peak, it can be inferred that the gold nanoparticles
assemble into chains in the solution. These mixtures are further dropped on the
surface of a silicon wafer. After they are naturally dried at room temperature, the
self-assembly behaviors of the nanoparticles on the silicon wafer are studied by
SEM. Four different self-assembly structures of gold nanoparticles are observed
in the center of the solution as shown in Figures 3.25b–e. However, no chain-like
morphologies are found in these images, which indicate that the self-assembly
behaviors of gold nanoparticles on the silicon wafer are different from that in
the solution. In Figure 3.27b, the volume ratio of water/acetone is 1:1, the gold
nanoparticles assemble into 1 µm size structures with an irregular shape. The



180 NANOPARTICLE CHARACTERIZATION
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FIGURE 3.27 (a) UV-vis spectra of solutions of thioglycolic acid-capped gold nanoparticles
with different water/acetone ratios: 1:1 (solid), 1:2 (dash), 1:3 (dot), and 1:4 (dash dot); (b)–(e)
SEM images of thioglycolic acid-capped gold nanoparticles with different water/acetone ratios:
(b) 1:1, (c) 1:2, (d) 1:3, and (e) 1:4 [86]. (Reprinted with permission from Wu J, Zhang H,
Zhang J, Yao T, Sun H, Yang B. Control of the self-assembly behaviors of charged gold
nanoparticles. Colloids Surf A 2009;348:240–247, Copyright 2009, Elsevier.)
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edge of these structures is smooth and few branches are seen. However, with
decreasing volume ratios of water/acetone, from Figures 3.25b–e, the edge of
the self-assembled structures becomes rougher and rougher, and more and more
branches are observed in these structures. This change is most obvious in Fig-
ure 3.27e; the self-assembled structures have dendritic morphologies, looking
like maple leaves [86].

UV-vis spectroscopy is useful for two main reasons. First, it can identify certain
functional groups, which means the electronic structure of certain species can be
detected. Second, it can quantify the composition of nanoparticles. However, the
species to be examined must absorb radiation from 200 to 800 nm wavelength
and be free from the interference of other species.

3.7.2.7 Raman Spectroscopy Raman spectroscopy collects inelastic scat-
tering (Raman effect) of photons by molecules. A monochromatic light or a laser
in the visible, near IR, or near UV range is usually used as the source. The
Raman effect occurs when light impinges upon a molecule and interacts with
the electron cloud of the bonds of that molecule. Vibrational, rotational, and
other low-frequency modes in a system are studied (Fig. 3.28). The energy of
a vibrational mode depends on the molecular structure and the environment.
Since the chemical bonds in different molecules have their specific vibrational
modes, different molecules can be identified. Changes in chemical bonding can
also be detected using Raman spectroscopy. When used for the characterization
of nanoparticles, the polarization of the species scatters light with respect to the
crystal and can be used to identify the crystallographic orientation.

For Ce1-xZrxO2 crystalline nanoparticles, Raman spectroscopy is carried out
to examine the solid solution formed with increasing zirconium content [87]. The
spectra indicate disordered structure although only weak reflection is observed
in XRD. One explanation is that XRD provides information on the periodicity
of a material while Raman spectroscopy reveals the vibrational behavior of the
chemical bonds. Raman spectra are also collected on pressed powders to examine

FIGURE 3.28 Different energy states during Raman spectroscopy. (For a color version of
this figure, see the color plate section.)
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the core/shell arrangement of TiO2/(MoO3)x materials since the measurement is
quite sensitive to species connectivity [69]. There is a band broadening with the
existence of MoO3 that can be explained by the decrease in TiO2 nanoparticle size
as MoO3 coverage increases. The broad peak at 820 cm−1 in the Raman spectra
of MoO3-containing samples is attributed to Mo–O–Mo stretching. Another peak
at 1000 cm−1 matches symmetric Mo = O stretching.

Raman spectra of silicon nanoparticles at room temperature are measured
using a micro-Raman system with a resolution of 1 cm−1 and a reproducibility
of 0.4 cm−1. The excitation source is a 514.5 nm Ar+ laser with a power of
2 mW. Peak shifting, broadening, and asymmetry of the Raman bands relative
to bulk silicon are observed for silicon nanoparticles [88]. Raman spectra of two
samples with milling time of 240 hours and 168 hours, respectively, are recorded
(Fig. 3.29). The Raman peak of silicon wafer at 520 cm−1 is symmetrical with a
full-width at half-maximum (FWHM) of 6 cm−1 (curve (d)). Raman scattering
from the sample milled for 240 hours shows a peak that is slightly broadened
(FWHM: 13 cm−1) (curve (c)). Curve (b) in Figure 3.29 is the Raman spectrum of
the sample milled for 168 hours. The Raman peak is asymmetric with a FWHM
of 21 cm−1 and has an extended tail at low frequencies. The Raman spectrum
of the starting materials (graphite powder mixed with silicon dioxide powder
in 1:1 molar ratio) is also shown as curve (a) for comparison. No characteristic
silicon peak is found. Only two peaks of graphite nanopowders are shown at 1350

FIGURE 3.29 Raman spectra of (a) reference starting material, (b) the powders milled for
168 h, (c) the powders milled for 240 hours, and (d) reference crystalline silicon wafer [88].
(Reprinted with permission from Lam C, Zhang YF, Tang YH, Lee CS, Bello I, Lee ST. Large-
scale synthesis of ultrafine Si nanoparticles by ball milling. J Cryst Growth 2000;220:466–470,
Copyright 2000, Elsevier.)
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and 1580 cm−1. The wide broad tail at low wave numbers comes from the SiO2

powders. Curve (a) from starting materials rules out the possibility of silicon
particles contained in the original powders.

Raman spectroscopy is a powerful tool for investigating the structure of
nanoparticles and nanoparticle-based materials. The advantage of Raman spec-
troscopy is that no sample pretreatment is necessary. The laser and the sample
are not in contact, and the samples are not destroyed. If a fiber optics is in place,
remote analysis of nanoparticles by Raman spectroscopy can be carried out.
Raman spectroscopy exhibits high specificity and the analysis can be as quick
as a few seconds. Also, the Raman spectrum of water is weak and unobtrusive,
allowing good spectra for species in aqueous solutions to be acquired. Raman
spectra are also easier to analyze than IR spectra. The disadvantage of Raman
spectroscopy is that it is not very sensitive (need ∼106 incident photons to gen-
erate 1 Raman scattered photon), the detection limit is only part(s) per thousand,
and fluorescence interference can bias the results.

3.8 NEEDS IN NANOSCALE CHARACTERIZATION

For nanoscale characterization, some techniques offer only the average or dis-
tribution of properties, not the specific properties at individual sites. Only a
couple of techniques can characterize individual nanoparticles or individual sites
on nanoparticle-based material surfaces. The lack of instrumentation with suffi-
cient temporal and spatial resolution impacts the validation and qualification of
nanomaterials with less than 100 atoms and subpicosecond dynamics. A high-
resolution means of quantifying the nanoparticle surface is needed other than
SEM or TEM, which might modify the nanoparticles during the examination.
Techniques involving probe-sample interaction during nanoparticle characteriza-
tion can create artifacts and provide false data. A variety of studies have shown
that nanoparticles can be unstable with respect to the environment. The inherently
lower level of stability for many types of nanostructured materials significantly
increases the attention that needs to be paid to the impacts that an analysis probe,
environmental conditions, and time can have on material analyses. For example,
the adsorption of water onto the surface of ZnS nanoparticles changes the parti-
cle structure. The energies associated with many of the probes used for particle
analysis equal to or exceed those needed to transform the particles in a variety
of ways. To accurately characterize nanoparticles at single nanometer level, an
atomically precise tip with subnanometer precision is needed.

Also, characterization techniques need to be developed for three-dimensional
nanoparticle size, shape, chemical, and elemental evaluation. Most of the mi-
croscopy techniques can only offer two-dimensional projection data. Another
necessary area is indirect, but affordable and fast in-line analysis ability during
nanoparticle synthesis. Overall, tools that can measure properties, compositions,
structures, and interactions at surfaces and interfaces near atomic resolution will
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be critical, as will be the development of the probes that couple electron mi-
croscopy to characterization of properties at the nanometer scale. The lack of
in situ instrumentation limits the development of computational models to ana-
lyze the manufacturing process and predict the outcome in large-scale systems.
Also, most of the nanoparticle characterization techniques in existence today
are dry-particle-based approaches. Since nanoparticles have a strong tendency
to agglomerate, many applications of nanoparticles are liquid-based or require
thorough dispersion of nanoparticles in a solid matrix. Because of this, statistical
evaluation of nanoparticles in dispersion is much desired. The analysis needed in-
cludes not only the dispersion of nanoparticles but also the chemical and physical
behaviors of nanoparticles in the specific dispersing medium.

Nanoparticles have huge specific surface areas and a natural tendency to be
coated with a thin coating. Coatings can be organic dispersants or surfactants,
or thin inorganic coatings. For composite nanoparticles with a core/shell struc-
ture, coatings are purposely designed onto the core nanoparticle surfaces. This
requires a well-defined approach to determine the coating coverage, thickness,
structure, and uniformity on nanoparticles. Determining the coverage and per-
fection of nanometer-thick surface coatings on nanoparticles presents a signifi-
cant challenge. There are also challenges in measuring particle size distribution
when the particles are anisotropic in shape. Multiple parameters are desired to
describe such complex systems rather than averaged parameters. As in other
areas of nanotechnology, research and development of standards and reference
materials are essential in order to sustain the progress in nanoparticle-based
materials. It should ultimately link key, easily controlled process parameters to
nanoscale methodologies or features that define a material’s performance. Plat-
forms for simultaneously characterizing multiple properties on a single sample
are also needed. Techniques that can span multiple length scales simultaneously
are needed. When deviation is detected, further high-resolution, time-consuming,
and expensive characterization techniques can be warranted. At this scale, where
background noise is a significant issue, environmental impacts such as vibrations
and small changes in temperature and humidity can cause significant changes in
a measurement.

3.9 SUMMARY

Characterization of nanoparticles and nanoparticle-based materials includes size,
shape, morphology, energetics, global thermodynamics, surface area, poros-
ity, pore size, structure, purity, composition, surface chemistry, surface charge,
and surface activity. The nanoparticle characterization techniques covered in
this chapter have greatly facilitated and benefited from the advancement of
nanoscience and nanotechnology as a whole. In summary, the measured proper-
ties, working principles, and detection ranges of different characterization tech-
niques are given in Table 3.2.



TABLE 3.2 Properties Measured, Working Principles, and Detection Limits of Various Nanoscale Characterization Techniques

Techniques Properties measured Working mechanism Detection limit

Scanning
electron
microscopy
(SEM)

Sample morphology, elemental information
when EDS or WDS is coupled.

A focused electron beam raster scans the
surface, the backscattered and secondary
electrons are used to produce an image, the
generated X-rays are analyzed for elemental
composition.

Lateral resolution: 3 nm;
Depth resolution:
500 nm (for SEM
mode only)

Transmission
electron
microscopy
(TEM)

Sample morphology, interface microstructure,
crystallographic structure, and elemental
information when EDS or EELS is coupled.

A monochromatic electron beam is highly
focused on a very thin sample, the
interaction between the transmitting electron
beam and the sample is analyzed.

Lateral resolution:
0.05–2 nm;
Depth resolution:
∼200 nm

Small-angle
scattering
(SAS)

Structural arrangement of atoms. A sample is placed in an X-ray or neutron
beam and the very low-angle scattered
electrons are analyzed.

1–300 nm

Scanning probe
microscopy
(SPM)

Depending on the mode of operation,
three-dimensional surface topology and
morphology, elasticity, friction, magnetic
and electrical properties can be detected.
Shape, texture, and roughness of individual
particles and their distribution in an
assembly of particles can be measured.
When particle structure is known, can
provide information about crystallographic
orientation.

A probe tip slowly raster scans across a sample
surface. The interaction between the tip and
the sample is recorded.

Spatial resolution:
0.5–1 nm; Depth
resolution: 0.1 nm

(Continued)
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TABLE 3.2 (Continued)

Techniques Properties measured Working mechanism Detection limit

Scanning
tunneling
microscopy
(STM)

Depending on the mode of operation,
three-dimensional surface topology and
morphology, current–voltage spectroscopy,
electrical characteristics of individual
nanoparticles, nanoparticle formation and/or
size distribution of particles deposited or
grown on a surface are characterized.

A conductive tip is brought very close to a
conductive sample surface to induce a
tunneling current when a voltage is applied.
The tip slowly raster scans across the
surface.

Spatial resolution:
0.5–1 nm

Diffraction Crystallographic information. A sample is placed in an X-ray, electron, or
neutron beam; the beam is diffracted by the
periodic lattice of the crystalline material
according to Bragg’s law.

TEM electron
diffraction: ∼1 nm;

XRD: Lateral resolution:
50 µm; Depth
resolution: 2 µm

Auger electron
spectroscopy
(AES)

Surface composition, bulk composition if
three-dimensional profiling is available.
Surface composition of individual large
nanoparticles or a distribution of smaller
nanoparticles (depending on spatial
resolution of the specific instrument),
enrichment or depletion of elements on
surface, presence and/or thickness of
coatings and/or contaminants.

Electrons impinge on sample surface, resulting
in the ejection of secondary electrons. The
emitting electrons are detected by an
electron spectrometer according to their
respective kinetic energies.

Lateral resolution:
10 nm;
Depth resolution:
0.3–3 nm

Secondary ion
mass
spectroscopy
(SIMS)

Surface composition, bulk composition if
three-dimensional profiling is available,
impurity and dopant information, a
collection of particles or larger individual
particles deposited on a supporting substrate,
presence of surface coatings or contaminants
on a collection of nanoparticles, functional
groups on a surface.

An ion beam bombards the surface, resulting in
the sputtering of ions from the sample
(secondary ions). The secondary ions from
the sample are analyzed in a mass
spectrometer according to their energies and
mass ratios.

Lateral resolution:
∼1 µm; Depth
resolution: ∼1 nm,
2 µm with depth
profiling
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X-ray
photoelectron
spectroscopy
(XPS)

Surface composition and valence state, bulk
composition and valence state if
three-dimensional profiling is available,
presence and nature of functional groups on
the surface, enrichment or depletion of
elements on a surface, presence and/or
thickness of coatings or contaminants.

X-rays impinge on sample surface, resulting in
the ejection of electrons with varying
energies. The emitting electrons are detected
by an electron spectrometer according to
their respective kinetic energies.

Lateral resolution:
∼10 µm; Depth
resolution: 0.5–10 nm

Energy
dispersive
spectroscopy
(EDS)/
wavelength
dispersive
spectroscopy
(WDS)

Elemental composition. An energetic electron beam interacts with a
sample, the resulting X-ray spectrum is
analyzed for composition analysis.

For EDS mode:
Lateral resolution:

>200 nm;
Depth resolution:
>1 µm.

For TEM mode:
Lateral resolution:

1 nm;
Depth resolution:
100–200 nm

Electron energy
loss
spectroscopy
(EELS)

Chemical composition, electronic structure and
bonding in nanoparticles and at interfaces.

When electrons pass through a sample (often
in TEM), some lose energy along the way.
The amount of energy lost is unique to the
atomic species that the electron beam
interacts with. A spectrum can be obtained
and analyzed to determine the chemical
composition of the sample.

Lateral resolution:
1–100 nm

Fourier
transform
infrared
spectroscopy
(FT-IR)

Structural and chemical compositions. A sample is placed in an IR beam sent through
an interferometer. Frequencies that match
the natural vibration frequencies of the
molecules present are absorbed by the
sample. The collected interferogram is
converted into a spectrum using the Fourier
transform.

Lateral resolution:
20 µm

(Continued)

1
8
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TABLE 3.2 (Continued)

Techniques Properties measured Working mechanism Detection limit

UV-vis
spectroscopy

Functional groups, compositions. When UV or visible light strikes atoms or
molecules, electrons in the atoms or
molecules can jump from a lower energy
level to a higher energy level by absorbing
energy. Different species absorb radiation at
different wave numbers. The atom or
molecule types existing in the sample can
thus be identified.

Lateral resolution:
microns

Raman
spectroscopy

Structural and chemical compositions. A sample is placed in a laser path and the
inelastically scattered photons having a
different wavelength from the incident
radiation are collected for chemical bond
and composition identification.

Spatial resolution:
microns

1
8

8
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QUESTIONS

1. Nanoparticle size and size distribution measurements are basic aspects in
characterization. Explain how they can be accomplished properly.

2. Based on the BET equation, derive the expression for specific surface area.
3. List two main differences between scanning tunneling microscopy and atomic

force microscopy.
4. In scanning tunneling microscopy, the tunneling current has such a relation-

ship:

I = I0 exp(−2ks),

where s is the distance between the tip atom and the surface atom. IA, IB are
the tunneling current due to tunneling between atom A-surface atom and atom
B-surface atom. (B is one level higher than A). Calculate IB/IA. Assume k =
5 × 109 m−1, the diameter of the atoms is 0.5 nm, and s = 2 nm.

5. For nanoparticle and nanoparticle-based material surface structure character-
ization, what three techniques are generally used? What is the basic principle
for each technique?

6. For nanoparticle and nanoparticle-based material crystal structure analysis,
diffraction is necessary. What sources can be used for diffraction? What is the
fundamental beam-atom interaction process?

7. In an X-ray photoelectron spectrum, would you expect the C 1s peak to be at
a higher or lower binding energy compared to that for the O 1s peak? Explain
your answer.

8. Compare the three surface composition analysis techniques: Auger electron
spectroscopy, X-ray photoelectron spectroscopy, and secondary ion mass spec-
troscopy. What are the advantages and disadvantages for each technique?

9. For nanoparticle and nanoparticle-based material bulk composition analysis,
energy dispersive spectroscopy, electron energy loss spectroscopy, Fourier
transform infrared spectroscopy, UV-vis spectroscopy, and Raman spec-
troscopy provide different information and are suited to different materials.
Explain what each technique is best suited for and how it works during the
characterization process.
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CHAPTER 4

NANOPARTICLE-BASED
SUPERSTRUCTURES

4.1 INTRODUCTION

In recent years, a new class of nanoparticle-based materials has emerged thanks
to the advancement in nanoparticle interaction understanding as well as the avail-
ability of new nanoparticle characterization and manipulation tools. This group
of materials can be identified as nanoparticle-based superstructures or synthetic
structures. Based on the approaches used to create them, five different processes
can be identified: (1) top-down, such as by different lithographic techniques;
(2) bottom-up, whereby superstructures are constructed from nanoscale via self-
assembly, directed assembly, or manipulation of nanoparticles; (3) the hybrids of
the top-down and bottom-up approaches; (4) templating, in which unique struc-
tures act as the skeletons for the creation of nanoparticle-based superstructures;
and (5) three-dimensional assembly, where nanoparticles are arranged into three-
dimensional structures based on some fundamental interparticle interactions. This
group of superstructure materials bridges the scale between discrete nanoparti-
cles and nanoparticle-based bulk materials. One example of the advancements
is the progressive ability to fabricate smaller and smaller structures, and an-
other is the continuous improvement in the precision with which such structures
are made.

Nanoparticulate Materials: Synthesis, Characterization, and Processing, First Edition. Kathy Lu.
© 2013 John Wiley & Sons, Inc. Published 2013 by John Wiley & Sons, Inc.
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FIGURE 4.1 Top-down process of creating superstructures. (For a color version of this
figure, see the color plate section.)

4.2 TOP-DOWN PROCESSES

The top-down process of creating nanoparticle-based superstructures means
starting with bulk materials and producing the intended structures or sizes at
<100 nm by breaking down the bulk materials into nanoscale entities. It is also
described as a “subtractive” nanostructure creation process (Fig. 4.1). Differ-
ent from the milling process addressed in Chapter 2, the top-down process for
nanoparticle-based synthetic structure creation organizes nanoparticles in a con-
trolled rather than a random manner. The beam sources used include photons,
electrons, and ions. Also, the amount of nanoparticles involved is much smaller.
The arrangement of nanoparticles is carefully controlled and often exhibits pe-
riodicity. Usually a substrate is required to support the carefully constructed
superstructures.

Among the techniques reported, nanoparticle-based structures are often gener-
ated on a surface via projection patterning methods. During this process, a mask
may be imaged via photons; or electrons, ions, or atoms may directly bombard
a sensitive substrate. As a result of these external stimulants, nanoparticle super-
structures (often in a specific arrangement) are created for novel functions and
performance. The patterning rate generally decreases from photons, to ions, to
electrons because of the operation mode difference (parallel for photons while
mostly serial for electrons and ions) and the bombardment energy difference
(ions have much higher energy than electrons). The minimum superstructure
sizes are determined by the diffraction limits during the exposure with photons,
electrons, or ions.
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4.2.1 Photolithography

Photolithography is a process used to selectively remove parts of a thin film
or the surface of a substrate. It uses light to transfer a geometric pattern from
a photomask to a light-sensitive chemical photoresist, or simply “resist,” on a
substrate. An illustration of the general photolithography process is shown in
Figure 4.2a. Depending on whether the mask is in contact with the substrate or
not, it can be further divided into contact, proximity, and projection modes. The
process has good control over the shape and size of the features up to submicron.
The minimum structure size that can be obtained in photolithographic methods
scales with the wavelength of light λL and is given by the Rayleigh criterion,
which can be understood as follows. Far away from the aperture, the angle θmin at
which the first minimum occurs, measured from the direction of incoming light,
is given by the approximate formula:

sin θmin ≈ 1.22
λL

dA
(4.1)

or, for small angles, simply

θmin ≈ 1.22
λL

dA
, (4.2)

where θmin is in radians, λL is the wavelength of the light, and dA is the diameter
of the aperture. The Rayleigh criterion for barely resolving two objects that are
point sources of light is that the center of the Airy disk (the diffraction pattern
resulting from a uniformly illuminated circular aperture has a bright region in the
center, known as the Airy disk) for the first object occurs at the first minimum of
the Airy disk of the second. This is also the point when the angular separation
of the two objects is 2θmin. For a spatial resolution below 100 nm, shorter light
wavelengths (e.g., λL = 157 nm from an F2 excimer laser) or phase shifting
photolithography has to be used (Fig. 4.2b). The latter case uses photomasks
that take advantage of the interference generated by phase differences to improve
image resolution in photolithography. When the thickness is suitably chosen, the
interference of the phase-shifted light with the light coming from the unmodified
regions of the mask is minimized and has the effect of improving the contrast at
adjacent boundaries, which may ultimately increase the resolution of the designed
features. The ideal case is a phase shift of 180◦, which results in the boundary
light intensity at zero.

Photolithography can create patterns over an entire surface simultaneously. It
is well suited for scaling-up. The main disadvantages are that it requires a flat
substrate to start with, it is not very effective in creating shapes that are not flat,
and it requires extremely clean operating conditions. Photolithography is one of
the most mature techniques in the top-down nanostructure creation process. De-
pending on the nature of nanoparticles, nanoparticle superstructure construction
relying on photolithography can be divided based on the type of species: metals,
ceramics, or semiconductors. For metal species, the formation of nanoparticle
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(a)

(b) No phase shifting Phase shifting

FIGURE 4.2 Photolithography process: (a) contact, proximity, and projection methods,
(b) phase shifting photolithography. (For a color version of this figure, see the color plate
section.)
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superstructures mostly involves metal ion reduction to elemental metal. For ce-
ramic species, both chemical reactions and direct nanoparticle assembly may be
involved. For semiconductor species, chemical reaction is necessary in light of
the instability of the involved species, such as quantum dots.

Pattern metallization of diamond film surfaces is studied by photolithography.
First, hydrogen-terminated diamond film surfaces are activated through bonding
with allylamine (C3H5NH2) molecules under 254 nm ultraviolet (UV) light irra-
diation. Then, amino prepatterns on the diamond surfaces are constructed by a
photolithographic process. Subsequently, gold nanoparticle patterns are obtained
through the immobilization of 15 ± 3 nm gold nanoparticles on the amino prepat-
terns, and the remnant photoresist is removed by rinsing with acetone. Finally,
the gold nanoparticle patterns are enhanced through silver deposition and intact
silver–gold micropatterns are constructed on diamond surfaces [1] (Fig. 4.3).

Periodic arrays of silver nanoparticles are fabricated on various solid substrates
by block copolymer photolithography. Spin-coated block copolymer thin films
with well-ordered and vertically oriented cylindrical nanodomains are utilized as
the templates. Ag+ is selectively doped in the cylindrical nanodomain by just
placing a few drops of AgNO3 aqueous solution on the film. Both photochemical
reduction of Ag+ to metallic silver and concomitant photo-etching of the block
copolymer template are achieved under UV light irradiation in a vacuum, resulting
in a direct transcription of the periodic pattern of block copolymer template to the
metallic silver nanoparticle array with consistent periodicity [2]. Nanoparticles

FIGURE 4.3 Silver–gold micropatterns via photolithography. (For a color version of this
figure, see the color plate section.)



200 NANOPARTICLE-BASED SUPERSTRUCTURES

(a) (b)

FIGURE 4.4 Scanning electron micrographs of photopatterned deposition of palladium on
a Ge(100) surface. The square regions are dodecyl terminated; the grid lines remain hydride
terminated. The organic monolayers act as an effective ultrathin resist, and immersion in 2 mM
aqueous PdCl4

2− for 30 seconds results in selective deposition within the hydride-terminated
grid lines [3]. (Reprinted with permission from Porter LA Jr., Choi HC, Schmeltzer JM,
Ribbe AE, Elliott LCC, Buriak JM. Electroless nanoparticle film deposition compatible with
photolithography, microcontact printing, and dip-pen nanolithography patterning technologies,
Nano Lett 2002;2:1369–1372, Copyright 2002, American Chemical Society.)

of gold, palladium, and platinum can also spontaneously form thin, morpho-
logically complex metallic films on various semiconducting or metal substrates
such as Ge(100), copper, zinc, and tin, via galvanic displacement from aqueous
metal salt solutions. Patterning of these metal films into ordered structures uti-
lizing photolithography is demonstrated on flat Ge(100) [3]. Thin, well-adhering
nanoparticle films are prepared via immersion of Ge(100) and metal substrates
into dilute, aqueous solutions of AuCl4−, PdCl42−, or PtCl42− salts. Deposi-
tion proceeds via galvanic displacement in the absence of fluoride, pH buffers,
complexing agents, or external reducing agents. Figure 4.4 shows the images
of photopatterned deposition of palladium on a Ge(100) surface. 1-Dodecene
(CH3(CH2)9CH = CH2) forms bonds with the Ge(100) surface via Ge(100)−Hx

bonds, mediated by UV light in the unmasked areas, which results in dodecyl
termination in the square regions; the grid lines remain hydride terminated. The
organic monolayers act as an effective ultrathin resist, and immersion in 2 mM
aqueous PdCl42− for 30 seconds results in selective deposition of palladium
within the hydride-terminated grid lines.

Photolithography techniques are also used to pattern nanoparticles on glass
surfaces. SiO2 nanoparticles are assembled in a monolayer fashion through the
use of halogenated silanes. The concentration of the SiO2 nanoparticles in the
solution controls the surface coverage of the nanoparticles on the glass surface.
Different patterned SiO2 arrays are made with controlled surface coverage. The
nanoparticle-covered surface is successfully tested for surface-enhanced enzy-
matic reactivity for the detection of a neurotransmitter, glutamate [4].

Metal nanoparticle-based microelectrode arrays are made by combining pho-
tolithography and photocatalytic deposition (Fig. 4.5) [5]. Photolithographically
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FIGURE 4.5 Fabrication procedure of microelectrode arrays: (a) superhydrophobic ODS-
modified TiO2 film, (b) TiO2 nanoparticle-based microelectrode arrays after photolithography
with a photomask, and (c) metal nanoparticle-based microelectrode arrays after site-selective
photocatalytic deposition of metal nanoparticles [5]. (Reprinted with permission from Li X,
Tian Y, Xia P, Luo Y, Rui Q. Fabrication of TiO2 and metal nanoparticle-microelectrode arrays
by photolithography and site-selective photocatalytic deposition. Anal Chem 2009;81:8249–
8255, Copyright 2009, American Chemical Society.) (For a color version of this figure, see the
color plate section.)
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selective decomposition of superhydrophobic n-octadecyltriethoxysilane (ODS)
is used to create superhydrophobic TiO2 patterns. As schematically shown in
Figure 4.5, TiO2 nanoparticles are first deposited layer-by-layer on a glass surface.
Then, superhydrophobic ODS is attached to the TiO2 surface. After that, ODS is
selectively removed by photolithography from the backside of the glass substrate.
Finally, metal nanoparticles are selectively deposited on the patterned areas by
site-selective photocatalytic deposition. As a result, metal nanoparticle-based
microelectrode arrays are produced.

As a specific example, Figure 4.6 shows the fluorescence micrographs of TiO2

patterns with 6 µm radius disks (Fig. 4.6a) and 10 µm bandwidths (Fig. 4.6b),
indicating that the patterned TiO2 films retain the dimensions of the photomasks
without noticeable spreading. Figures 4.6c and d are at higher magnifications and
show the details of the nanoparticles. The diameter of the TiO2 nanoparticles dis-
persed onto the indium-doped tin oxide substrate is in the range of 20–50 nm, and

(a) (b)

(c) (d)

FIGURE 4.6 (a, b) Fluorescence micrographs of TiO2 nanoparticle-based microelectrode
arrays (a) with a disk radius of 6 µm and (b) with a bandwidth of 10 µm. (c, d) SEM images of
TiO2 film (Panel d shows a cross-sectional image.) [5]. (Reprinted with permission from Li X,
Tian Y, Xia P, Luo Y, Rui Q. Fabrication of TiO2 and metal nanoparticle-microelectrode arrays
by photolithography and site-selective photocatalytic deposition. Anal Chem 2009;81:8249–
8255, Copyright 2009, American Chemical Society.)
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the thickness of the TiO2 film is ∼3 µm. The superhydrophobic/superhydrophilic
TiO2 surface, which functions as a template, can be employed to selectively fill su-
perhydrophilic regions with water-soluble materials. For gold nanoparticle-based
patterns, a solution of 0.1 M HAuCl4 is introduced drop-wise on the superhy-
drophobic/superhydrophilic surface. UV light goes through the photomask and
irradiates onto the back of the indium-doped tin oxide substrate to reduce the metal
ions in solution to metal nanoparticles. Because TiO2 has well-studied photocat-
alytic properties, it is an excellent choice for reducing metal ions from the solution
by UV illumination. Figures 4.7a and b present gold nanoparticle patterns pro-
duced from the 10 µm bandwidth of superhydrophobic/superhydrophilic TiO2

templates. From microscopic (Fig. 4.7a) and atomic force microscope (AFM)
(Fig. 4.7b) images, elevated patterns of gold nanoparticles with 10 µm width and
∼750 nm height bands are observed. Meanwhile, the patterns of gold nanopar-
ticles with 6 µm radius disks are also shown in Figures 4.7c and d. The sizes of
these patterns are in good agreement with the respective TiO2 nanoparticle-based
patterns, suggesting that TiO2 patterns have been successfully employed as tem-
plates for the production of metal nanoparticle-based patterns. For the patterned
surface, large wettability and electrochemical activity contrasts are found, which
can be used to further applications in microelectrode arrays.

Coupling with photolithography, a promising approach for nanoparticle-based
superstructure construction is colloidal epitaxy, that is, the deposition of col-
loidal particles onto lithographically fabricated substrates. Use of prepatterned
substrates enables fabrication of two-dimensional and three-dimensional surface
structures via substrate-guided self-assembly of nanoparticles. In one instance,
photolithography is used to create a matrix for the selective deposition of nanopar-
ticles by immersion in a colloidal suspension. Commercial SiO2 nanoparticles
are directly dispersed; TiO2 nanoparticles are deposited after being prepared by
hydrolysis of titanium isopropoxide and thermal treatment. During the deposi-
tion, the substrates are immersed into the corresponding nanoparticle suspensions
and vertically drawn at a controlled rate. Structures of SiO2 particles on the TiO2

surface and TiO2 particles on the SiO2 surface are formed by deposition of SiO2

or TiO2 nanoparticles on prepatterned substrates. Although two-dimensional col-
loidal patches of TiO2 nanoparticles are obtained on the SiO2 surfaces, SiO2

nanoparticles form three-dimensional, U-shaped channels on the TiO2 surfaces.
The isoelectric points of the particles, the prepatterned matrix, and the photoresist
are key parameters and may be manipulated to achieve various microstructures.
The two-dimensional nanoparticle arrays of TiO2 on the SiO2 surfaces and the
three-dimensional channels of SiO2 nanoparticles on the TiO2 surfaces are of
potential interest in lab-on-a-chip applications [6].

Instead of immersion, dewetting can be used to guide the assembly of col-
loidal nanoparticles. First, a surface is photolithographically patterned. Then, it
is immersed in an aqueous dispersion of colloidal particles. During dewetting,
the colloidal particles are trapped by the recessed regions and assembled into
aggregates, whose shapes and sizes are determined by the geometric confinement
provided by the template.
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FIGURE 4.7 (a, c) Microscopic images and (b, d) AFM images of elevated gold nanoparticle-
based microarray electrodes (a, b) with 10 µm bandwidth and (c, d) with 6 µm disk radius [5].
(Reprinted with permission from Li X, Tian Y, Xia P, Luo Y, Rui Q. Fabrication of TiO2 and
metal nanoparticle-microelectrode arrays by photolithography and site-selective photocatalytic
deposition. Anal Chem 2009;81:8249–8255, Copyright 2009, American Chemical Society.)
(For a color version of this figure, see the color plate section.)
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Nanosphere lithography is yet another process that relies on photons to immo-
bilize nanoparticles. It begins with self-assembly of a nanosphere mask onto a
substrate followed by line-of-sight deposition of nanoparticles through the mask.
This is a parallel, rather than serial, nanoparticle fabrication method. In general,
the substrate to be patterned is positioned normal to the direction of nanoparti-
cle deposition. The shape and interparticle spacing of the resultant nanoparticle
clusters are determined by the projection of the nanosphere mask interstices onto
the substrate. A monolayer mask produces nanoparticles with a triangular shape
and hexagonal symmetry. An array of La0.67Sr0.33MnO3 nanoparticle superstruc-
tures is made via nanosphere lithography. During the process, a monolayer of
hexagonally arranged SiO2 microspheres is employed as a mask for pulsed laser
deposition. Nanoparticle superstructures around 100 nm are obtained with a
KrF laser of λL = 248 nm. This approach opens the possibility of fabricating
nanopatterned multicomponent oxides, which include magnetoresistive mangan-
ites, superconducting cuprates, and other perovskite oxides [7].

Angle-resolved nanosphere lithography is a variant of nanosphere lithography
that yields vastly different and increasingly flexible nanostructures by fine-tuning
the size, shape, and spacing of nanoparticle superstructures. Patterning is accom-
plished by controlling the angle between the surface normal of the substrate and
the propagation vector of the photon beam. One limitation of the angle-resolved
nanosphere lithography technique is the inability to pattern an entire substrate
with a single superstructure geometry without control of the mask domain ori-
entation [8]. Although the presence of multiple superstructure shapes in any
given mask complicates the fabrication of large-area, homogeneous nanoparticle
arrays, this quality is, in fact, useful in laboratory scale experiments requiring
a diverse set of nanostructure features on a single sample. The precise tuning
of nanoparticle-based superstructure size, shape, and spacing in a parallel fash-
ion using angle-resolved nanosphere lithography can improve surface-enhanced
spectroscopy, near-field optical microscopy, nanoscopic object manipulation, and
chemical/biological sensing. Figure 4.8 depicts four examples of angle-resolved
nanosphere lithography-generated nanoparticle arrays. The simulated nanopar-
ticle superstructure shape is overlaid on the actual nanoparticle positions in the
panels on the right. The substrate is Si(111) and the deposited nanoparticles
are chromium. θ is the angle between the surface normal of the substrate and
the propagation vector of the photon beam. � is the azimuthal angle of the
mask (the angle between the line connecting the origin and the point of interest
and the reference line projected perpendicularly on the substrate).

CdS quantum dots are fabricated photolithographically on substrates and in the
bulk of SiO2 hydrogels. When substrates are used, superstructures are patterned
by illuminating a precursor solution spin coated on the substrates. For the SiO2

hydrogels, the process starts with a base-catalyzed route, and the solvent is
exchanged with an aqueous solution of Cd(NO3)2, NH4OH, thiourea, and a
capping agent, for example, 2-mercaptoethanol. The samples are then exposed
to a focused infrared beam produced by a continuous-wave Nd:YAG laser. The
precursors react upon heating, and CdS nanoparticles form in the illuminated
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FIGURE 4.8 Field-emission scanning electron micrographs of angle-resolved nanosphere
lithography-fabricated nanoparticle arrays and images with simulated geometry superimposed,
respectively. (a1, a2) θ = 10◦, ϕ = 28◦, (b1, b2) θ = 20◦, ϕ = 2◦, (c1, c2) θ = 26◦, ϕ = 16◦,
and (d1, d2) θ = 40◦, ϕ = 2◦. All samples are chromium deposited onto Si (111) substrates
[8]. (Reprinted with permission from Haynes CL, McFarland AD, Smith MT, Hulteen JC, Van
Duyne RP. Angle-resolved nanosphere lithography: manipulation of nanoparticle size, shape,
and interparticle spacing. J Phys Chem B 2002;106:1898–1902, Copyright 2002, American
Chemical Society.)

regions. The average size of the CdS nanoparticles can be varied between 1.5
and 4.5 nm by varying the type and the concentration of the capping agents [9].
However, the process needs to be carefully controlled to avoid quantum dot defect
formation. CdS nanoparticles are also created based on the photo dissociation of
thiols and cadmium–thiolate complexes [10]. Again, SiO2 hydrogels are prepared
by following a conventional base-catalyzed route. The hydrogels are then washed
and bathed in a solution of CdSO4 and 2-mercaptoethanol (HOCH2CH2SH) for
about 2 hours. The best results are obtained by using a thiol concentration at least
10 times higher than the metal ion concentration and adding NH4OH to reach
a pH of at least 7.5, for example, [CdSO4] = 0.1 mol l−1, [HOCH2CH2SH] =

1 mol l−1, and [NH4OH] = 4 mol l−1. The hydrogel samples are placed in a glass
cuvette filled with the bathing solution for index matching and are exposed to
UV light. The laser power on the sample is on the order of 50 mW, and the
illuminated spots have a diameter between 3 and 100 µm. CdS nanoparticles
form in the illuminated spots and have a diameter below about 2 nm. However,
UV beam irradiation can create various undesirable intermediate compounds and
CdS aggregates and should be carefully controlled.

4.2.2 Electron Beam Lithography

Electron beam lithography is one of the best tools for patterning nanostructures on
a substrate, which can be subsequently used for nanoparticle-based superstructure
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construction. In electron beam lithography, nanostructures are “written” in an
electron resist (usually a polymer such as poly(methyl methacrylate), PMMA).
“Writing” in terms of electron irradiation means that the structure of the resist is
changed at the irradiation such that in a subsequent process, the irradiation area
can be dissolved in a chemical reagent, and a nanoscale template can be obtained.

Compared to photolithography, electron beam lithography mainly involves
metal nanoparticle superstructure creation. This is because the leading step for
nanoparticle superstructure creation involves deposition of nanoparticles into very
small size features. Metal species can be easily made into small, uniform sizes
and then modified, resulting in well-controlled sizes and relatively stable states.
Deposition of ceramic or semiconducting nanoparticles is theoretically possible
in creating patterns. However, the small size of the electron beam patterned
features means that the nanoparticles must be very small in size (typically a few
nanometers), have a narrow size distribution, and be stable during the patterning
process, which are difficult to achieve.

SiO2 surfaces are patterned with colloidal gold nanoparticles. The patterns are
created by electron beam lithography and treated with aminopropyltriethoxysi-
lane (APTES). APTES covalently attaches to the surface and displays positively
charged amine groups. These groups in turn attract the negatively charged citrate-
stabilized colloidal gold nanoparticles. Nanoparticles can be placed in continu-
ous and straight lines just one nanoparticle wide and many nanoparticles long
(Fig. 4.9a) [11]. By controlling the width of the SiO2 trenches, the nanoparti-
cles may also be deposited in two-particle wide lines or even in zigzag patterns
(Fig. 4.9b). In the final electron beam lithography step, two or more metal con-
tacts can be placed across the nanoparticle chain (Fig. 4.9c). This makes pairs
of electrodes separated by gaps of tens of nanometers. Many of these electrode
pairs are bridged by just one nanoparticle.

Thiol-capped gold and silver nanoparticles of 2–10 nm size are directly bom-
barded by an electron beam. The beam spot size is ∼70 nm. Three wafers are
exposed with subsequent layers in (1) silver–silver–silver, (2) silver–gold–silver,
and (3) gold–gold–gold configurations to test the superstructure construction.
Multiple layers and multiple materials with line width resolutions of 80–100 nm
are built [12]. In a different study, gold and platinum nanoparticles of 2–15 nm
are made by pulsed laser ablation in helium gas and negatively charged after
the size selection. Anionic nanoparticles are deposited onto silicon substrates
(phosphorous (P)-doped n-type, 3–5 � cm resistivity) with features designed by
electron beam lithography. Extra nanoparticles deposited on the photoresist are
removed by dissolving the resist, resulting in designable patterns of gold and
platinum nanoparticle arrays [13]. Figure 4.10 shows the scanning electron im-
ages of gold nanoparticles (average diameter 13.8 nm) deposited onto the silicon
substrate patterned by electron beam lithography. Two patterns of circular dots
of 500 nm in diameter (Fig. 4.10a and c) and two one-dimensional channels of
100 nm width (Fig. 4.10b and d) are demonstrated. Nanoparticles are uniformly
deposited on the photoresist and on the bare silicon patterns (see Fig. 4.10a and b).
By removing the photoresist, the gold nanoparticles on the photoresist are also
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FIGURE 4.9 (a) Gold nanoparticles are selectively deposited on a SiO2 surface along a
patterned line. (b) By controlling the width of the line, more complex structures are achieved.
(c) Contacts to the particles are made by electron beam lithography [11]. (Reprinted with per-
mission from Coskun UC, Mebrahtu H, Huang P B, Huang J, Sebba D, Biasco A, Makarovski
A, Lazarides A, LaBean TH, Finkelstein G. Single-electron transistors made by chemical pat-
terning of silicon dioxide substrates and selective deposition of gold nanoparticles. Appl Phys
Lett 2008;93:123101 3pp, Copyright 2008, American Institute of Physics.)

removed, while the gold nanoparticles on the silicon surface stay as they are. Since
the silicon surface is covered with an oxide layer, the bonding between gold and
SiO2 is strong enough to remain even during the chemical procedures used to
dissolve the photoresist layer. Similar to the gold nanoparticles, an assembly of
platinum nanoparticles is formed when platinum nanoparticles are used instead
of gold nanoparticles in the foregoing procedures. When more gold nanoparticles
are deposited, an assembly of granular nanoparticle islands forms. Figures 4.11a
and b show the scanning electron images of gold nanoparticles deposited for
60 minutes in which the silicon substrate used is patterned by circular dots of
500 nm in diameter. The AFM image in Figure 4.11(c) shows that each island
exhibits a hemispherical shape, rather than a pillar one, yet nanoparticles still re-
tain their shape. More specifically, these features are granular gold nanoparticle
islands.

Direct electron beam writing in a layer of nanoparticles is a technique that
allows the patterning of nanoparticle assemblies through a three-step process:
coating, writing, and rinsing. Electron beam lithography is used to fabricate
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FIGURE 4.10 Scanning electron images of gold nanoparticles (average diameter 13.8 nm)
deposited for 3 minutes onto a silicon substrate designed by electron beam lithography; images
(a) and (b) are taken before and (c) and (d) are taken after the removal of the photoresist. The
patterns in (a) and (c) are circular dots with 500 nm diameter, while those in (b) and (d)
are one-dimensional channels of 100 nm width. The gold nanoparticles deposited on the
silicon substrates are unaffected by the removal of the photoresist layer [13]. (Reprinted with
permission from Kawabata S, Naono Y, Taguchi Y, Huh SH, Nakajima A. Designable formation
of metal nanoparticle array with the deposition of negatively charged nanoparticles. Appl Surf
Sci 2007;253:6690–6696, Copyright 2007, Elsevier.)

platinum nanoparticle (28 nm size) arrays on 15 nm thick SiO2 and Al2O3 layers
deposited onto silicon wafers by spin casting. A combination of characterization
techniques (scanning electron microscopy (SEM), AFM, X-ray photoelectron
spectroscopy, and Auger electron spectroscopy) is used to determine the size,
spatial arrangement, and purity of these fabricated arrays. In addition, these plat-
inum arrays demonstrate the ability to resist poisoning by CO, and a correlation is
established between the number of oxide–Pt interface sites and the CO-poisoned
turnover frequency [14]. Direct electron beam writing in nanoparticle films is
also employed to create nanoscale wires between prepatterned gold electrodes
on SiO2/Si wafers. The matrix consists of a distribution of metal cores in a
carbon network. The nanoparticle network is created through cross-linking of
the ligands of adjacent particles [15]. Figure 4.12a shows a high-angle annular
dark field scanning transmission electron image of the nanowires. The line width
increases with the electron beam dose. A high-resolution scanning transmission
electron image, Figure 4.12b, of a nanowire written with an electron dose of
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FIGURE 4.11 Scanning electron images of gold nanoparticles (average diameter 13.8 nm)
deposited for 60 minutes onto a silicon substrate patterned with circular dots of 500 nm in
diameter: (a) top view, (b) 45◦ tilted view, (c) atomic force microscope image, and (d) height
analysis of the image of (c) [13]. (Reprinted with permission from Kawabata S, Naono Y,
Taguchi Y, Huh SH, Nakajima A. Designable formation of metal nanoparticle array with the
deposition of negatively charged nanoparticles. Appl Surf Sci 2007;253:6690–6696, Copyright
2007, Elsevier.) (For a color version of this figure, see the color plate section.)

4 × 105
µC cm−2 at 7 keV beam energy reveals close-packed nanoparticle is-

lands, without apparent sintering of the metal particles. By exposing the arrays
to intense electron beam doses, pattern transfer into the underlying silicon wafer
is improved because of the cross-linking of the surfactant [16].

For patterned nanoparticles, a good application example is related to plasmon-
ics from near-field interactions between noble metal nanoparticles. The two most
important consequences of such near-field coupling are pronounced shifts of the
plasmon resonance wavelengths compared to the single particle case, leading
to a color change, and a significant increase in local electromagnetic fields at
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FIGURE 4.12 Scanning transmission electron images of (a) nanowires created by direct
electron-beam writing in a submonolayer nanoparticle film (beam energy of 7 keV) and
(b) a nanowire at high resolution together with a scheme depicting the network of discrete
nanoparticles interconnected by a carbon matrix [15]. (Reprinted with permission from Plaza
JL, Chen Y, Jacke S, Palmer RE. Nanoparticle arrays patterned by electron-beam writing:
structure, composition, and electrical properties. Langmuir 2005;21:1556–1559, Copyright
2005, American Chemical Society.) (For a color version of this figure, see the color plate
section.)

interstitial sites between the particles. Dipolar plasmon modes of nanoparticle
trimers formed by three silver particles of 100 nm located on the vertices of
an equilateral triangle are investigated. Samples are fabricated by electron beam
lithography as shown in Figure 4.13 [17]. Similar to nanoparticle dimers, the
trimer system exhibits two hybridized dipole resonances to the red and to the
blue of the single particle resonance.

Because of the low energy of electrons, electron beam lithography is a slow
patterning process. To enhance the patterning rate, a low-dose electron beam is
used to generate a “latent” charge pattern, and then a real pattern is created by
attaching positively charged particles by electrospray. For example, positively
charged silver nanoparticles are generated this way in which a nanoparticle so-
lution mixed with hexane is sprayed through a 15 µm diameter capillary tip
with an applied potential of 4.5 kV. Silver nanoparticles are deposited in the
charge-patterned sites by electrostatic attraction with a resolution of 0.7 µm.
This electrostatic lithography patterning approach represents a rate increase of
∼20 times over standard electron beam resists and has the potential for faster
patterning of nanoparticle building blocks without additional etching or other
processing steps. Arbitrarily nested 0.7 µm wires are fabricated by electrostatic
lithography. As seen in Figure 4.14, a large overall area can be uniformly cov-
ered by electrospray within seconds. The dose used (50 nC cm−2) for patterning
is several orders of magnitude lower than typical electron beam resist doses
(1 µC cm−2) [18].
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FIGURE 4.13 An array of silver nanoparticle trimers on glass in immersion oil. Each dot
corresponds to one individual trimer composed of silver particles with 100 nm diameter and
25 nm height. The nanoparticles have an edge-to-edge distance of 20 nm, while the lattice
constant of the array is 1 µm. The inset shows a scanning electron image of one representative
silver nanoparticle trimer [17]. (Reprinted with permission from Alegret J, Rindzevicius T,
Pakizeh T, Alaverdyan Y, Gunnarsson L, Kall M. Plasmonic properties of silver trimers with
trigonal symmetry fabricated by electron-beam lithography. J Phys Chem C 2008;112:14313–
14317, Copyright 2008, American Chemical Society.) (For a color version of this figure, see
the color plate section.)

4.2.3 Ion Beam Lithography

Ion beam lithography is a powerful technique for directly writing patterns on many
substrates. The most common ion sources are Ga+ and Ar+ . It is a maskless and
resistless technique that allows a very wide range of materials (metals, ceramics,
semiconductors, and polymers) to be patterned, providing a resolution down to
10 nm. The substrate used most often is silicon wafer. The technique is more
aptly termed as focused ion beam lithography (FIB), which has been widely used
for high-resolution nanofabrication. FIB finds its use in various modes such as
ion implantation, exposure of resist, ion milling, gas-assisted etching, and ion-
assisted deposition of materials. This versatility makes it possible to apply this
technique to a wide range of applications that other techniques are not capable
of or are too difficult and complex to use.

Cobalt nanoparticles of controlled size are deposited on Si(111) using pulsed
electrodeposition. When deposited on FIB patterned substrates, well-organized
nanoparticles with adjustable magnetic anisotropy are obtained [19]. Random par-
ticle nucleation on preexisting defects can be avoided. This induces the growth of
organized cobalt nanoparticles in well-defined arrays. Self-aligned gold nanopar-
ticles on a silicon substrate, covering a large area, are also created with FIB
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FIGURE 4.14 Scanning electron images after positively charged silver nanoparticles are
sprayed onto the negatively charged electron beam pattern. 0.7 µm thick lines are generated
over a large area with doses as low as 50 nC cm−2. (a) Scale bar = 50 µm. (b) Scale bar = 10 µm
[18]. (Reprinted with permission from Joo J, Moon S, Jacobson JM. Ultrafast patterning of
nanoparticles by electrostatic lithography. J Vac Sci Technol B 2006;24:3205–3208, Copyright
2006, American Vacuum Society.)

assistance. The process involves three consecutive steps: first, the substrate is
laser-irradiated to produce a periodic nanorippled structure; second, a thin film of
gold is grown using ion beam sputter deposition; and third, a thermal treatment
is conducted to induce the formation and self-alignment of gold nanoparticles.
Nanoparticles form along strips parallel to the nanoripple lines. The strip spacing
equals the nanoripple spacing and the strip width depends on the angle of the
deposition and the divergence of the ion beam. The nanoparticle diameter is a
function of the annealing temperature and time. Deposition of the film at a very
shallow grazing angle (∼0◦) induces, upon thermal annealing in air at 800◦C, the
formation of single nanoparticle rows aligned along the ripple ridges [20]. An
example sample has 16 nm high and ∼80 nm wide ripples, with a line spacing
of 288 nm. The deposition is conducted at a grazing angle of 5◦ for 5 minutes,
and subsequent annealing in air at 800◦C for 3 hours promotes the clustering.
Figure 4.15a shows the gold particle distribution at a grazing value of 3◦. Gold
nanoparticles of 30–40 nm diameter, together with smaller ones, are seen aligned
along the ripples in two to three particle-wide rows. At this angle, the ripple
structure casts a shadow over the entire surface, with the exception of a narrow
band adjacent to the ridges. Figure 4.15a also shows that parallel to the ripple
lines, two rows of smaller particles, 10–15 nm in diameter, are seen close to the
larger ones, apparently only to the right side. The origin of these satellite lines
can be attributed to beam divergence, as parts of the beam arrive at actual grazing
angles larger than 3◦. The effect of beam divergence can be seen in Figure 4.15b,
where the gold beam arrives at a grazing angle set at 0◦. The nanoparticle strip
has a similar width to that seen in Figure 4.15a for the larger angle, demonstrating
that the beam divergence is large enough to compensate for the shallower grazing
angle. Higher annealing temperatures produce larger nanoparticles, as can be
seen by comparing Figures 4.15a and b.
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FIGURE 4.15 Scanning electron images of nanorippled surface showing the distribution
of gold nanoparticles after 5 minutes of film deposition. (a) Grazing angle of 3◦, and subse-
quent annealing at 800◦C for 3 hours. (b) Grazing angle of 0◦, and subsequent annealing at
700◦C for 2 hours [20]. (Reprinted with permission from Guan YF, Pedraza AJ. Synthesis
of aligned nanoparticles on laser-generated templates. Nanotechnology. 2005;16:1612–1618,
IOP Publishing Ltd.)

Charged nanoparticles are also directly deposited in specific patterns created
by FIB. The deposition method relies on the implantation of positive Ga+ ions
on an insulated surface, which creates the basis for attracting nanoparticles to the
substrate. An aqueous suspension of gold nanoparticles is used in the method. The
diameters of the particles used are 200 nm and 30 nm, and the standard deviation
of the size distribution is <10% of the average. The deposition process is carried
out ∼7 months after generating the charge pattern. The gold nanoparticles can
still be patterned. This shows the high stability and long lifetime of the implanted
Ga+ ions and, thus, their applicability for reliable and long-term usage in tunable
devices such as modulators and sensors. The main advantages of this technology
are high speed and precise deposition [21].

FIB milling is used to fabricate micron and submicron scale patterns in sin-
tered SiO2 nanoparticle layers. Rectangular cavities with both solid and porous
boundaries, channels, and isolations of a small number of packed particles are
patterned. The ion beam can pattern areas covering up to 40 µm2 in <15 min-
utes. The amount of redeposited material on the surface of a milled cavity de-
termines whether the surface will be porous or solid [22]. Figure 4.16 shows
a staircase-shaped cavity created by milling to three different depths. In a
different study, silicon substrates are coated with CH3-terminated silane self-
assembled into monolayer resists. A fine beam of Ga+ ions with different doses
removes these self-assembled monolayers to correspondingly form a pattern
containing sets of lines. The FIB patterned monolayers are refilled with an SH-
terminated silane self-assembled monolayer. An organometallic chemical vapor
deposition process is carried out to grow gold nanoparticles onto the SH-groups
in the lines. The average spacing between the gold nanoparticles can be con-
trolled by varying the FIB dose and decreases exponentially with an increasing
dose [23].
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FIGURE 4.16 A staircase-shaped cavity created by milling to three different depths. From
left to right, the three cavities have depths of 2, 4, and 6 µm, respectively. The porous
cavity bottoms result from the combined effects of partially milled spheres and redeposited
material [22]. (Reprinted with permission from Moran JL, Wheat PM, Posner JD. Submicron
scale patterning in sintered silica colloidal crystal films using a focused ion beam. Langmuir
2008;24:10532–10536, Copyright 2008, American Chemical Society.)

4.2.4 Other Top-Down Processes

In addition to the direct “writing” capabilities of photons, electrons, and ions,
other patterning techniques may also be used for nanoparticle superstructure con-
struction. Arrays of silver nanoparticles are fabricated on predefined positions by
a combination of electrochemical deposition and nanoimprint lithography. The
silver nanoparticle arrangement, especially the density, can be tuned by varying
the pattern designs and the preparation conditions. By this approach, various ar-
rays of silver nanoparticles with feature sizes down to submicrons are fabricated
over several square centimeters on a substrate. The silver nanoparticle arrays can
be readily extended to other conductive substrates, which have potential applica-
tions in detection and sensing fields, such as surface-enhanced Raman scattering
[24]. Figure 4.17 schematically illustrates the procedure for fabricating arrays of
silver nanoparticles. First, a resist polymer is spin-coated onto an indium-doped
tin oxide substrate. Second, nanoimprint lithography is used to create patterns.
Third, reactive-ion etching removes the patterned areas. Fourth, silver nanoparti-
cles are electrochemically deposited into the etched regions. Finally, the retained
resist layer is lifted off, and only silver nanoparticle patterns remain. Figure 4.18
shows SEM images of silver nanoparticle arrays with different feature arrange-
ments and spacing. Dot arrays and square arrays with different spacings are made.

Various processing techniques have been applied to superstructure nanofabri-
cation using scanning tunneling microscopy (STM). The inhomogeneous, high
electric field in the tip-sample gap and the narrow beam of low energy electrons,
in combination with chemical effects, allow for many methods of nanopattern
formation, and are applicable to metals, semiconductors, and organic materials.
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FIGURE 4.17 Schematic illustration of the procedure for fabricating arrays of silver
nanoparticles (SNPs). (a) Spin-coating resists polymer onto an indium-doped SnO2 sub-
strate, (b) imprinting, (c) reactive-ion etching process, (d) electrochemical deposition of silver
nanoparticles, and (e) “lift-off” of the resist layer [24]. (Reprinted with permission from Yang
B, Lu N, Huang C, Qi D, Shi G, Xu H, Chen X, Dong B, Song W, Zhao B, Chi L. Electrochem-
ical deposition of silver nanoparticle arrays with tunable density. Langmuir 2009;25:55–58,
Copyright 2009, American Chemical Society.) (For a color version of this figure, see the color
plate section.)

In particular, STM-induced nanolithography of silicon has been studied. H-atoms
can locally be desorbed from hydrogenated silicon and repassivated with oxygen
or other atoms. Individual silicon atoms can be removed from clean silicon single
crystals. Silicon nanoparticle films can be processed for nanotexturing by the
extraction of atoms or by the fusion of nanoparticles [25]. However, bulge forma-
tion during the indentation process is a serious obstacle to trapping nanoparticles
in dent holes or trenches. Treating a polymer surface (such as PMMA) with a
deionized water and isopropanol mixture in an electric field can avoid bulges and
enable the placement of 40 nm gold particles at precise locations using capillary
interactions [26].
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FIGURE 4.18 SEM images of silver nanoparticle arrays. (a) 1.3 × 1.5 µm dots with a
spacing of 3.8 µm, (b) 1.3 × 1.5 µm dots with a spacing of 1.9 µm, (c) 4.8 µm squares with
a spacing of 3.8 µm, and (d) 4.8 µm squares with a spacing of 1.9 µm. Scale bar: 1 µm [24].
(Reprinted with permission from Yang B, Lu N, Huang C, Qi D, Shi G, Xu H, Chen X, Dong B,
Song W, Zhao B, Chi L. Electrochemical deposition of silver nanoparticle arrays with tunable
density. Langmuir. 2009;25:55–58, Copyright 2009, American Chemical Society.)

4.3 BOTTOM-UP PROCESSES

Monodispersed nanoparticles can act as “artificial atoms” and “bottom-up” as-
semble into nanoparticle-based superstructures. When nanoparticles are used as
building blocks to produce nanoparticle-based superstructures, the process is
called bottom-up approach and “additive” in nature. The process mainly uses
nonspecific interactions, such as van der Waals (vdW) forces, electrostatic in-
teractions, dipole moments, electrostatic–magnetic interactions, and capillary
forces, to connect nanoparticles of various shapes and sizes into highly ordered
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TABLE 4.1 Interaction Forces for Bottom-Up Nanoparticle Assembly

Directionality Interaction force Attribute

Nondirectional van der Waals
Dipole moment
Electrostatic

Size-imposed saturation limit

Directional Magnetic
Capillary
Covalent bonding
Hydrogen bonding

Direction-imposed saturation
limit

superstructures. Directional interactions, such as covalent bonding and hydrogen
bonding, are also pursued (Table 4.1). In comparison to the top-down processes,
bottom-up superstructure construction includes a much wider range of interac-
tions and systems.

The monodispersity of nanoparticles is very important for effective, accurate
self-assembly of nanostructures with minimal defects. Polydispersity is one of
the main sources of errors in nanoparticle superstructure construction because
of the intrinsic disruption in nanoparticle packing. Figure 4.19 shows different
SiO2 particle assemblies. When particles are close in size, they assemble into
hexagonal arrangement as shown in circle 1. When particles have a wider size
distribution, the arrangement becomes random as shown in circle 2.

The ability to assemble nanoparticles into large structures and arrangements
depends crucially on the ability to understand in quantitative detail, and subse-
quently “engineer” the interparticle interactions. The prevalent approach has been
to use the theories and equations previously derived for colloids, changing only
the dimensions of the interacting particles. Before examining the specific types
of interactions useful for nanoparticle assembly, it is instructive to address some
general questions regarding the “generic” characteristics of interaction potentials.
For example, the ability of a given interaction potential to induce nanoparticle

FIGURE 4.19 SiO2 particle assembly variation dictated by particle sizes.
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self-assembly depends on both its magnitude and its length scale. The particle
interactions to induce self-assembly from a solution need to be quantified and
predicted. The interaction length scale in the assembly process should be evalu-
ated. The range of the interaction relative to the sizes of interacting particles can
determine whether or not these particles will assemble into an ordered structure
or into an amorphous phase.

For simplicity, the widely used Lennard–Jones potential uL,J(r) can be con-
sidered to approximate the interaction between spherical particles and account
for both attractive vdW forces and repulsive interactions due to the overlap of
electron orbitals:

uL,J(r ) = 4 · εpw

[

(

σL,J

ra−a

)12

−

(

σL,J

ra−a

)6
]

. (4.3)

Here, ra–a is the distance between atom centers, εpw is the depth of the potential
well, and σ L,J is the finite distance at which the interparticle potential is zero
(uL,J(r) = 0). For nanoparticles comprised of many atoms, one may derive an
analogous interparticle potential by summing the Lennard–Jones potentials across
all atom–atom pairs within two given particles. This procedure can be carried
out analytically for two spherical particles of radii a1 and a2, and the resulting
potential for small separations is approximated as

uL,J(r ) =

(

2πa1a2

a1 + a2

)

[

πεpw
(

σ 6
L,J − 210L6

)

630L7

]

for L <<
a1a2

a1 + a2
, (4.4)

where L = r − (a1 + a2) is the distance between particle surfaces [27]. The
magnitude of the interaction scales linearly with the size of the particles (for
similarly sized particles), while the length scale of the interaction is independent
of particle sizes. Consequently, the interaction potential decreases with the inverse
of particle size. This scaling can have profound effects on the ability (or inability)
to form self-assembled structures from increasingly large particles.

Self-assembly is typically associated with thermodynamic equilibrium; the
organized structures are characterized by a minimum in the system’s free en-
ergy. Using nanoparticle interactions for the manipulation of nanoparticles has
been recognized from the very beginning of nanoscience. Yet, it is only re-
cently that the intricacies of not only vdW forces but also other nanoparticle
interactions have emerged in an unexpectedly large number of research areas;
they govern the stability of superstructures, which are essential for the design
of nanodevices and nanoarchitectures. Creation of superstructures of controlled
size, shape, and chemical functionality requires an understanding of the phase
behavior, structure, and assembly of nanoparticle motifs. A fundamental under-
standing of the behaviors of superstructures would provide the guidelines for
creating building blocks that self-assemble into desired equilibrium (crystalline)
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and nonequilibrium (gel or glassy) phases, while avoiding undesired (such as
jammed) states.

Factors governing the creation of nanoparticle assemblies stem from the de-
sire to precisely manipulate and drastically improve nanostructured properties
(such as optical, microelectronic, magnetic, catalytic, and chemical/biological).
This desire is highlighted by attributes of engineered metallic or semiconduc-
tor nanoparticles as building blocks in terms of size monodispersity, core/shell
processability, solubility, stability, self-assembly capability, and interfacial re-
activities. Two important questions are how the unique nanoscale properties
of building blocks are retained in the assembly and how the nanostructured
assembly can be engineered to display the targeted properties. In comparison
to individual nanoparticles, the challenge in the exploration of an ensemble
of nanoparticles is understanding the interparticle interactions of the nanoscale
building blocks in either dispersed state (e.g., in solutions) or solid state (e.g., in
superstructures).

4.3.1 Nondirectional Interactions

4.3.1.1 van der Waals Forces vdW forces originate from the electro-
magnetic fluctuations due to the incessant movements of positive and negative
charges within atoms, molecules, nanoparticles, and bulk materials. They are
therefore present between any two material bodies, usually acting in an attractive
fashion to bring the bodies together. The magnitude of these attractive interac-
tions can be considerable, from few to hundreds of times of kT even between
nanoparticles. Because of this, vdW forces are often considered an untoward
effect, causing undesired flocculation and sedimentation of nanoparticles from
suspensions. Through the use of stabilizing dispersants or appropriate solvents,
however, vdW interactions can be controlled to provide a useful tool with which
to guide nanoparticle assembly and to build, for example, two-dimensional and
three-dimensional superstructures composed of nanoparticles.

Bare, that is, uncoated, nanoparticles of metals, oxides, and semiconductors
have strong vdW forces and tend to aggregate when in inert, nonpolar liquids,
such as hydrocarbons. In most systems of practical importance, long-range vdW
forces must be balanced by Coulombic, steric, or other repulsive interactions
to provide control over phase behavior, structure, and assembly. Below a critical
internanoparticle repulsion, the system becomes unstable, yielding an amorphous
sediment [28].

Air–water interface can be used to produce ordered nanoparticle monolayers,
enabled by either vertical deposition (Langmuir–Blodgett (LB) technique [29])
or horizontal deposition (Langmuir–Schaefer (LS) technique [30]) on a substrate.
For hydrophobic substrates, the LS technique is an excellent tool for controlled
multilayer production. For hydrophilic substrates, dewetting induces a cellular
superstructure. The LS technique has been used to make multilayer quantum
dot arrays using CdSe quantum dots as a model system [31]. A combination of
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different nanoparticle sizes (CdSe and Fe3O4) allows for the formation of two-
dimensional binary superstructures. The LS and LB techniques provide important
advantages over other solution processing techniques such as drying-mediated
assembly [32] and spin-coating [33], as they allow deposition of closely packed
nanoparticle layers of large areas, even on nonflat substrates [34].

Understanding the kinetic and thermodynamic factors governing the assem-
bly of nanoparticles is important for the design and control of superstructures.
The ordering of nanoparticles via vdW interactions depends on size monodis-
persity. Gold nanoparticle cores (∼5 nm) encapsulated with tetraoctylammo-
nium bromide ((CH3(CH2)7)4NBr) shells are studied as a model system [35].
A thioether-based multidentate ligand (e.g., MeSi(CH2SMe)3) functions as a
mediator, whereas tetraoctylammonium bromide capping molecules function as
templating agents. The templating agent directed assembly of gold nanoparticles
is an enthalpy-driven process. The enthalpy change (−1.3 kcal mol−1) is close to
the magnitude of the vdW interaction energy for alkyl chains and the condensa-
tion energy for hydrocarbons. Figure 4.20 shows transmission electron images of
silver nanoparticle arrays viewed along the [110]s direction [36]. The hexagonal
arrangement of the nanoparticles with multiple domains can be observed. Fig-
ure 4.21 shows the self-assembled patterns of gold nanoparticles with cubic and
hexagonal shapes [37]. Cubic nanoparticles form either hexagonal or square net-
works, whereas nanoparticles with hexagonal shapes only show two-dimensional
hexagonal close packing. Figure 4.21a shows that cubic nanoparticles form hexag-
onal networks in two different ways. In one kind, cubic nanoparticles form chains

(a) (b)

FIGURE 4.20 Transmission electron images of silver nanoparticle arrays viewed along
[110]s, showing (a) an entire thin crystal (with a twinned region marked at lower right) and
(b) the facet edge of an extended array [36]. (Reprinted with permission from Harfenist SA,
Wang ZL, Alvarez MM, Vezmar I, Whetten RL. Highly oriented molecular Ag nanocrystal
arrays. J Phys Chem 1996;100:13904–13910, Copyright 1996, American Chemical Society.)
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(a)
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(b) (c)

FIGURE 4.21 Self-assembled patterns formed by gold nanoparticles with cubic shapes
(a, hexagonal assembly; b, square assembly) and hexagonal shapes (c, hexagonal assembly)
[37]. (Reprinted with permission from Sau TK, Murphy CJ. Self-assembly patterns formed
upon solvent evaporation of aqueous cetyltrimethylammonium bromide-coated gold nanopar-
ticles of various shapes. Langmuir. 2005;21:2923–2929, Copyright 2005, American Chemical
Society.)

by sharing only two diagonally opposite corners; in the other kind, all four cor-
ners of a cubic nanoparticle are shared with four other nanocubes. In the square
arrangement, cube-shaped nanoparticles share maximal surface area with each
other (Fig. 4.21b). The cubic nanocrystal faces are bounded by {100} planes and
the corners by {111} planes. This suggests that different crystal faces, with their
attendant surface-bound molecules, are available for assembly.

4.3.1.2 Dipole Moments Electric dipole moments are prevalent in semicon-
ductor and metal nanoparticles due to their anisotropic crystal lattices and possi-
ble surface defects. However, strong electrostatic or steric repulsion from surface
stabilizers normally screens the electric dipole attraction between nanoparticles,
which makes the formation of nanoparticle assemblies difficult. Studies have been
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conducted to decrease the mutual repulsion and thus expose the dipole attraction
through partial removal of the surface stabilizers using antisolvents. By partially
removing thioglycolic acid stabilizers, one-dimensional CdTe nanoparticle as-
semblies are prepared [38, 39]. Recently, two-dimensional assemblies of CdTe
nanoparticles are prepared without any template, but by spontaneous assembly
using charge dipole interactions [40]. An AC voltage is applied to a single-walled
carbon nanotube immersed in a colloidal suspension of gold nanoparticles. The
AC voltage generates an AC electric field perpendicular to the walls of the carbon
nanotube and induces a (AC) dipole moment in the gold nanoparticles. Because
of the cylindrical geometry of the nanotube, the dipole moment is directed toward
the surface of the nanotube. The induced dipole moment in the nanoparticles is
attracted to the high-intensity field regions at the surface of the nanotube, thus
causing a gold particle nanowire to grow on the surface of the nanotube. Interest-
ingly, gold nanowires grow even on nanotubes that are not electrically in contact
with but in close proximity to the electrode. The gold nanowire so formed from
gold nanoparticles remains after drying and after the voltage is turned off [41].
Based on similar mechanisms, highly uniform nanoparticles with isotropic inter-
actions can form three-dimensional nanoparticle arrays in suspensions. However,
demonstration of such assembly feasibility and applicability of the process to a
wide array of materials still needs to be proven.

4.3.1.3 Electrostatic Interactions Electrostatic interactions can be attrac-
tive (between oppositely charged particles), repulsive (between like-charged par-
ticles), and even directional (even though less common), as in the case of particles
with asymmetric surface charge distributions or permanent electric polarization.
Furthermore, the magnitude and length scale of electrostatic interactions can
be tuned through the choice of solvent (e.g., dielectric constant) as well as the
concentration and chemical nature (e.g., size and valence) of the surrounding
counterions. Due to these unique attributes, electrostatic interactions are useful
both for stabilizing particles in suspensions and for guiding their assembly into
superstructures. In this section, only nondirectional electrostatic interactions are
considered.

Through the usage of high magnetic fields arranged in parallel, it is possible
to create three-dimensional superstructures. A typical result of three-dimensional
deposition is shown in Figures 4.22a–c. With a magnetic field strength of 0.7 T,
only two-dimensional ordering is obtained (Fig. 4.22a). With a magnetic field
strength of 1.5 T, a double layer is observed (Fig. 4.22b). The particles become
more closely packed and begin assembling in the third dimension with increasing
magnetic field strength; the minimum interparticle distance is limited by the
stabilizing organic layer. The final three-dimensional structure, consisting of a
triple layer, is created with a magnetic field strength of ∼6 T (Fig. 4.22c). To
aid the interpretation of the three-dimensional superstructures in Figure 4.22c,
schematic representations of the top view and the side view are also given in
Figure 4.22c [42].
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FIGURE 4.22 Transmission electron images of ordered cobalt particles with external ap-
plied magnetic fields of (a) 0.8 T, (b) 1.5 T, and (c) 6 T. The schematic diagrams are a
guide to understanding the structure of the presented superstructure images [42] (Reproduced
with permission from Hilgendorff M, Tesche B, Giersig M. Aust J Chem 2001;54(8): 497–
510, Copyright CSRIO 2001. Published by CSRIO PUBLISHING, Collingwood, Victoria,
Australia – http://www.publish.csiro.au/nid/51/paper/CH01119.htm). (For a color version of
this figure, see the color plate section.)
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4.3.2 Directional Interactions

Although vdW forces, dipole moments, and electrostatic interactions are common
interparticle forces responsible for the formation of ordered arrays of nanopar-
ticles, particles held together by such nonspecific forces are, however, not fully
controllable, or chemically or mechanically stable on a macroscopic scale. In
contrast, chemically specific binding (e.g., covalent or hydrogen bonding) can
overcome these weaknesses, though observations of large domains of highly
ordered superstructures are limited.

When magnetic nanoparticles self-assemble, they tend to align their magnetic
moments in the direction of the local magnetic field due to neighboring particles or
applied fields. This gives rise to a specific directionality of interactions, enabling
magnetic nanoparticles to form micron-sized, one-dimensional chains/wires or
rings. Owing to the magnetic or electrical dipole moments of their unique axes,
anisotropic crystal lattices, and nonuniformly stabilized distribution, nanoparti-
cles have the ability to spontaneously assemble without any templates. Cd–Te
nanoparticles are assembled into one-dimensional chains [43–45]. The linear
chain subsequently recrystallizes into crystalline nanowires, whose diameters are
determined by the size of the nanoparticles. The self-assembled nanowires show
high aspect ratios and uniformity. In this chapter, the discussion on directional
interactions will focus on covalent bonding and hydrogen bonding only. Directed
nanoparticle assembly widens the nanoparticle superstructure possibilities and is
a burgeoning field.

4.3.2.1 Covalent Bonding Superstructure construction using covalent
bonding involves sharing pairs of electrons between atoms. The balance of at-
tractive and repulsive forces between atoms ascertains that the assembled su-
perstructures are fairly stable. Covalency is greatest between atoms of similar
electronegativities. Thus, covalent bonding does not necessarily require the two
atoms to be the same elements, only that they are of comparable electronegativity.
Although covalent bonding entails sharing of electrons, it is not necessarily delo-
calized. Furthermore, in contrast to electrostatic interactions (“ionic bonds”), the
strength of a covalent bond depends on the angular relationship between atoms
in polyatomic molecules.

Self-assembled monolayers of cobalt nanoparticles formed on a hydroxyl-
terminated silicon surface exhibit two-dimensional island networks with locally
ordered arrays via covalent linkage between nanoparticles and the surface [46].
A monolayer of Br-terminated cobalt nanoparticles on functionalized silicon
surfaces is assembled using chemical covalent bonding. This approach involves
attaching different functional groups to the cobalt nanoparticles and to the silicon
substrate, and then linking the two functional groups covalently. The nature of the
resulting nanoparticle assembly is dependent on the properties of the functional
group attached to the silicon surface. The number density of the nanoparticles
can be controlled by changing the immersion time of the silicon surface in the
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FIGURE 4.23 Direct nucleophilic substitution reaction between the terminal bromine group
of the cobalt nanoparticle and the functional group on the silicon surface: the formation of
chemical covalent bonding by nucleophilic attack of (a) the –OH group, and (b) the –NH2

of the aminopropyl group [46]. (Reprinted with permission from Bae SS, Kim DK, Park JI,
Cheon J, Jeon IC, Kim S. Monolayer assembly and striped architecture of Co nanoparticles
on organic functionalized Si surfaces. Appl Phys A 2005;80:1305–1310, Springer Science +

Business Media, Fig. 2.)

nanoparticle suspension. Hence, the covalent bonding after the immersion en-
ables the selective fabrication of nanoparticle assemblies on surfaces, the control
of the distribution of nanoparticles on surfaces, and the enhancement of the ther-
mal stability and adhesion of the adsorbed nanoparticles. Figure 4.23 illustrates
direct nucleophilic substitution reaction (forming a chemical bond with the sili-
con surface by donating both bonding electrons) between the terminal bromine
group of the cobalt nanoparticle and the functional group on the silicon surface.
Figure 4.24 shows a transmission electron image of 10 nm cobalt nanoparticles
capped with 11-bromoundecanoic acid (C11H21BrO2), the assembly of cobalt
nanoparticles on an OH-terminated silicon surface, an aminopropyl-terminated
(NH2CH2CH2CH2–) silicon surface after immersion for 9 hours, and the num-
ber density of cobalt nanoparticles adsorbed on the two different functionalized
silicon surfaces as a function of immersion time.
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FIGURE 4.24 (a) Transmission electron image of 10 nm cobalt nanoparticles capped with
11-bromoundecanoic acid. Scanning electron images showing an assembly of cobalt nanopar-
ticles on (b) an OH-terminated silicon surface, and (c) an aminopropyl-terminated silicon
surface after immersion for 9 hours, respectively. (d) The number density of cobalt nanopar-
ticles adsorbed on the two functionalized silicon surfaces as a function of immersion time
[46]. (Reprinted with permission from Bae SS, Kim DK, Park JI, Cheon J, Jeon IC, Kim S.
Monolayer assembly and striped architecture of Co nanoparticles on organic functionalized Si
surfaces. Appl Phys A 2005;80:1305–1310, Springer Science + Business Media, Fig. 2.)

4.3.2.2 Hydrogen Bonding A hydrogen bond is the attractive interaction
of a hydrogen atom with an electronegative atom, such as nitrogen, oxygen, or
fluorine, which comes from another molecule or chemical group. The hydrogen
must be covalently bonded to the other electronegative atom to create the bond.
In comparison to covalent, electrostatic, or vdW interactions, hydrogen bond-
ing has an intermediate binding strength and binding reversibility, which offers
a flexible and controllable pathway for superstructure construction, especially
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FIGURE 4.25 Transmission electron micrographs of 16-mercaptohexadecanoic acid
(C16H32O2)-linked 6 nm gold nanoparticle assembly in a hexane solution. The gold nanoparticle
concentration is 0.24 µM and the 16-mercaptohexadecanoic acid concentration is 0.39 µM. The
assembly time is 15 minutes [47]. (Reprinted with permission from Han L, Luo J, Kariuki NN,
Maye MM, Jones VW, Zhong CJ. Novel interparticle spatial properties of hydrogen-bonding
mediated nanoparticle assembly. Chem Mater 2003;15:29–37, Copyright 2003, American
Chemical Society.)

for nanoparticle assemblies. The intermolecular hydrogen bonding mediation
of gold nanoparticle assembly by carboxylic acid groups and the hydrophobic
interaction of alkanethiolate constitutes are explored. A very small fraction of
the hydrogen bonding agents is sufficient for mediating the assembly toward
chemically stable and ordered array morphologies [47]. Interparticle ordering
has been observed when using a different chain length mediator structure, that
is, 16-mercaptohexadecanoic acid, to assemble 6 nm gold particles (Fig. 4.25).
The assembly displays large domains of ordered arrays with hexagonal packing.
For the mixed –CO2H and –CH3 shell, the relatively limited sites of hydrogen
bonding mediate the interparticle linking, and the interpenetration of decanethiol
thiolate components maximizes the interdigitative cohesive interaction. The com-
bination of these two forces leads to a “squeezed” interparticle spatial property
(Fig. 4.26), which is neither purely vdW interdigitation nor purely interdigitated
hydrogen bonding.

Hydrogen bonding through nanoparticle shell molecules can provide tunable
molecular interactions for enhanced selectivity [48]. Nonaqueous dispersions of
CdSe nanoparticles and layer-by-layer assembly of hybrid poly(vinylpyridine)
(PVP)/CdSe multilayer thin films are created based on hydrogen bonding. The
resulting films have a high degree of flatness and smoothness as indicated by
small-angle X-ray diffraction. Hydrogen bonds, the driving force for the forma-
tion of PVP/CdSe multilayer thin films, between the pyridine group of PVP and
the carboxylic acid group on CdSe are verified by Fourier transform infrared
spectroscopy [49]. Polymer/Au nanoparticle multilayer assemblies are fabri-
cated layer-by-layer via hydrogen bonding between carboxylic acid terminal
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FIGURE 4.26 “Squeezed” packing model involving hydrogen bonding through carboxylic
acid groups and cohesive interaction through interdigitation of the alkyl chains. DT repre-
sents decanethiol, 11-MUA represents mercaptoundecanoic acid, and MHA represents 16-
mercaptohexadecanoic acid [47]. (Reprinted with permission from Han L, Luo J, Kariuki NN,
Maye MM, Jones VW, Zhong CJ. Novel interparticle spatial properties of hydrogen-bonding
mediated nanoparticle assembly. Chem Mater 2003;15:29–37, Copyright 2003, American
Chemical Society.)

groups on gold nanoparticles. Gold nanoparticles surface-modified with pyri-
dine groups of poly(4-vinylpyridine) (PVP) are prepared in dimethylformamide.
Poly(3-thiophene acetic acid) (PTAA) and poly(acrylic acid) (PAA) are utilized
to form hydrogen bonds with PVP, respectively. Gold particles act as physical
cross-link points in the multilayers. Due to the additional interaction caused
by the gold nanoparticles except for the hydrogen bonding interaction between
PTAA (or PAA) and PVP, the stability of the Au-containing multilayer film is
ensured even though changes in the pH values may result in the breaking of the
hydrogen bonds [50].

4.3.3 Field-Assisted Assembly

External fields have emerged as key methods to direct the assembly of nanoparti-
cles. Electric or magnetic fields are obvious candidates for field-directed assem-
bly, but assembly in fluid flow and even electromagnetic fields have also been
demonstrated to be promising. The induced field surrounding a polarized particle
takes the form of a dipole and leads to strong, anisotropic dipole–dipole interac-
tion between particles. When the interaction is sufficiently strong to overcome
Brownian motion, particles will initially form dipolar chains, then, over a longer
time, coarsen as chains laterally coalesce. Ideally, the coarsening proceeds ad

infinitum to form the lowest energy structure, which may be a body-centered
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tetragonal, hexagonal close-packed, or face-centered cubic lattice, depending on
the particle concentration and the strength of the field.

Citrate- and alkanethiol-stabilized gold nanoparticles are electrophoretically
assembled onto carbon-coated copper grids. The nanoparticles form ordered
monolayers, and the core-to-core interparticle spacing is determined by the size
of the alkane chains on the stabilizers used in the preparation of the suspensions. In
the case of longer alkane chains, some interpenetration of the chains occurs when
the gold particles form monolayers. When the gold suspensions are stabilized
by sodium 3-thiopropionate [51], the monolayer is built up of a large number
of smaller crystalline domains, each containing 50–200 particles in the form
of hexagonal close-packed gold particles. Close examination shows that “grain
boundaries” form at particles that are either aspherical or too large to fit into
the superstructure. The size of the monolayers is limited by the tendency of the
monolayers to tear as they are removed from the solution after the deposition.
Monolayers several micrometers long and containing several hundred thousand
particles may be prepared. Gold nanoparticles of 141 Å size crystallize into
a hexagonal close-packed structure with an average core-to-core separation of
151 Å. The thickness of the stabilizing layer between the particles is 10 Å.
Furthermore, the second- and third-order reflexes are evident, which confirms the
strong degree of ordering in the superstructure. The absence of higher ordering
at lattice constants of about 5 Å shows that the individual gold particles are
randomly oriented within the hexagonal lattice superstructure. High-resolution
images, in which the lattice planes of neighboring particles can be discerned, also
show little evidence of individual gold nanoparticle alignment.

Most studies of directed assembly in electric and magnetic fields use spherical
particles. However, recent work has shown that particle shape can have a surpris-
ing and potentially powerful influence on the spatial organization of nanoparticles
in external fields. Fields can be used to control both the translational and orien-
tational order of anisotropic particles and lead to structures that are otherwise
unattainable using spherical particles. For instance, “peanut” hematite nanoparti-
cles with permanent transverse dipole moments self-assemble into kinked chains
in two-dimensions and, at higher concentrations, hematite nanoparticles form
superstructures with an oblique geometry [52].

4.3.4 Capillary Forces

Capillary forces are interactions between particles mediated by fluid interfaces.
Recent advances in this field have been achieved by experimentations on and
development of theories about lateral capillary forces, which arise due to the
overlap of menisci formed around separate particles attached to an interface.
Nanoparticles have been assembled on substrates by immersing the substrates
in a nanoparticle suspension and then relying on the capillary forces to arrange
the nanoparticles [53–56]. Attractive capillary forces arise from the Laplace
pressure within the curved menisci formed by condensation of liquid or vapor
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bridges around two adhering particles. Interparticle capillary forces at the drying
front of the meniscus and the substrate lead to the close packing of particles.
The meniscus method [57] is popular because of its ease of application and the
close packing of the resulting nanoparticle arrays. Such forces have been used
to obtain ordered two-dimensional and three-dimensional nanoparticle packings
on substrates. To apply this principle to large-area substrates, the meniscus can
be moved mechanically using a withdrawing motor [57] or by evaporation of the
solvent [58]. The number of layers of particles is controlled in part by the meniscus
translation rate. For gold nanorods, capillary forces can align them parallel to each
other; and depending on the nanoparticle and surfactant concentrations, solvent
evaporation rate, ionic strength, and other solution conditions, they assemble into
well-defined one-, two-, or three-dimensional superstructures [59].

Solvent drying is another approach to synthesize two-dimensional nanoparti-
cle superstructures [60]. A silicon substrate, modified with an APTES monolayer,
is exposed to a gold nanoparticle suspension to deposit randomly scattered gold
nanoparticles. This is followed by a treatment with an alkanethiol solution and
the organization of nanoparticles into small patches of two-dimensional nanopar-
ticle clusters. Finally, an alcohol solvent is used to drive these small patches
of gold nanoparticle clusters to self-organize together and form continuous or-
dered arrays on the silicon surface. The two-dimensional ordered arrays of gold
nanoparticles are formed over a very large area with hexagonal closed-packed
structures. Such procedures hold promise to construct ordered mesoscopic su-
perstructures. Figure 4.27 illustrates the solvent drying process on a flat silicon
surface, inducing the formation of a close-packed array of gold nanoparticles.
Figure 4.28 shows scanning electron images of a 13 nm gold nanoparticle array
on a silicon substrate at different magnifications.

(a)

(c)

(b)

FIGURE 4.27 Schematic illustration of solvent drying on a flat silicon surface, inducing
the formation of a close-packed array of gold nanoparticles [60]. (Reprinted with permission
from Liu S, Zhu T, Hu R, Liu Z. Evaporation-induced self-assembly of gold nanoparticles
into a highly organized two-dimensional array. Phys Chem Chem Phys 2002;4:6059–6062,
the PCCP Owner Societies.)
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(a) (b)

FIGURE 4.28 (a) SEM images of a 13 nm gold nanoparticle array on a silicon substrate
induced by alcohol methanol solvent evaporation. (b) High-magnification image of the gold
nanoparticles shown in (a) [60]. (Reprinted with permission from Liu S, Zhu T, Hu R, Liu
Z. Evaporation-induced self-assembly of gold nanoparticles into a highly organized two-
dimensional array. Phys Chem Chem Phys 2002;4:6059–6062, the PCCP Owner Societies.)

In addition to substrate surface functionalization, nanoparticles can also
be functionalized before assembly. Colloidal gold nanoparticles functionalized
with thioctic acid are immobilized in amine-functionalized PMMA domains
on polystyrene-block-poly(methyl methacrylate) template. Nanoparticles form
into clusters of single particles, dimers, and linear chains as directed by the
PMMA domain size and shape. Capillary forces influence the spacing between
gold nanoparticles in the PMMA domains. Interparticle spacings below 3 nm
are achieved, and these assemblies of closely spaced nanoparticle clusters are
expected to exhibit strong localized electromagnetic fields. A larger popula-
tion of multiparticle clusters such as dimers, trimers, and linear chains results
with increased coverage but does not result in uncontrolled aggregation in the
PMMA domains. Figure 4.29 shows scanning electron images of thioctic acid
functionalized–Au nanoparticles on the chemically modified polystyrene-block-
poly(methyl methacrylate) templates after incubation with gold nanoparticles
having various thioctic acid–Au nanoparticle concentration: (a) ≈4.65 × 1011

ml−1, (b) ≈9.3 × 1011 ml−1, (c) ≈13.9 × 1011 ml−1, and (d) ≈18.6 × 1011 ml−1.
The nanoparticles labeled with (i), (ii), and (iii) in (c) show specific nanoparticles

→

FIGURE 4.29 Scanning electron images of thioctic acid functionalized–Au nanoparticles
on chemically modified polystyrene-block-poly(methyl methacrylate) templates after incu-
bation with gold nanoparticles having various thioctic acid–Au nanoparticle concentrations:
(a) ≈4.65 × 1011 ml−1, (b) ≈9.3 × 1011 ml−1, (c) ≈13.9 × 1011 ml−1, and (d) ≈18.6 ×

1011 ml−1. The nanoparticles labeled with (i), (ii), and (iii) show individual nanoparticles
attached to poly(methyl methacrylate), poly(methyl methacrylate)-polystyrene domain bound-
ary, and polystyrene, respectively. (e) The normalized number of particles per square micron on
poly(methyl methacrylate) domains (diagonal hatching), polystyrene–poly(methyl methacry-
late) domain boundaries (solid black), and polystyrene domains (crosshatching) as a func-
tion of thioctic acid–Au nanoparticle concentration [61]. (Reprinted with permission from
Choi JH, Adams SM, Ragan R. Design of a versatile chemical assembly method for pat-
terning colloidal nanoparticles. Nanotechnology. 2009;20:065301 6pp, IOP Publishing Ltd.)
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attached to PMMA, PMMA-polystyrene (PS) domain boundary, and PS, respec-
tively. Figure 4.29e shows gold nanoparticles bound to domain boundaries, to
PS, and to PMMA [61]. As the gold nanoparticle coverage increases, there is a
sharp increase in the number of nanoparticles attached to the PMMA domains.

By utilizing the strong capillary attraction between interfacial nanoparticles,
large-scale one-dimensional gold nanochain networks are fabricated at the n-
butanol–water interface and can be conveniently transferred onto hydrophilic
substrates. Furthermore, the length of the nanochains can be adjusted simply
by controlling the density of gold nanoparticles at the n-butanol–water inter-
face. The resultant gold nanochains can further transform into smooth nanowires
by increasing the aging time, forming a nanowire network. The formation of
gold nanochains stems from a stochastic assembly of interfacial gold nanopar-
ticles due to strong capillary attractions, and the evolution of nanochains to
nanowires follows an Ostwald ripening mechanism rather than an oriented attach-
ment. This method can be utilized to fabricate large-area nanochain or nanowire
networks more uniformly on solid substrates than evaporating a solution of
nanochains since it eliminates the three-dimensional aggregation behavior [62].

Recent advances in colloidal synthesis and self-assembly enable the creation
of multicomponent superlattices in which two or three types of nanoparticles are
cocrystallized into ordered structures. In particular, binary nanoparticle super-
lattices consisting of two nanoparticle components distinct in size and/or com-
position have attracted rapidly growing interest, due to their intriguing diverse
superlattice structures as well as wide applications in electronic and magnetic de-
vices. Liquid–air interfacial assembly approach allows routine formation of large-
scale, transferable binary superlattice films [63, 64]. One example is shown in
Figure 4.30 [65]. The structures are realized by drying a dilute binary nanoparticle
dispersion in hexane on the surface of diethylene glycol under ambient conditions
(drying-mediated self-assembly process). Figure 4.30a shows a photograph of a
SiO2/Si wafer (∼8 mm × 8 mm) coated with a typical binary superlattice mono-
layer consisting of 16.5 nm Fe3O4 and 6.4 nm gold nanoparticles, demonstrating
the nearly complete coverage of the wafer by the binary nanoparticle superlattice
membrane (Fig. 4.30a, upper left inset). Transmission electron image (Fig. 4.30a
and b), selected area electron diffraction (Fig. 4.30a, upper right inset), and high-
resolution SEM (Fig. 4.30c and d) confirm the membrane is a monolayer with
an AB-type superlattice structure, in which the large Fe3O4 nanoparticles are
arranged to form a square sublattice, with the small gold nanoparticles sitting in
the interstices. The structural models depicting the top and side views of the AB-
type binary superlattice monolayer are displayed in panels (e) and (f) of Figure
4.30, respectively. Low-magnification transmission electron images reveal that
the monolayers are consisting of AB-type superlattice domains growing in differ-
ent directions, with the average domain size approaching several micrometers in
lateral dimensions. In addition to the Fe3O4–Au nanoparticle combination, AB-
type binary superlattice monolayers are also obtained by the cocrystallization
of 16.5 nm Fe3O4 and 5.5 nm FePt nanoparticles (Fig. 4.30g) as well as of
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FIGURE 4.30 (a) Transmission electron image and selected area electron diffraction pat-
tern (upper right inset) of an AB-type binary superlattice monolayer self-assembled from
16.5 nm Fe3O4 and 6.4 nm Au nanoparticles. The upper left inset shows a photograph of
a SiO2/Si wafer coated with a typical AB-type binary superlattice monolayer membrane.
(b) High-magnification transmission electron image of the AB-type binary superlattice mono-
layer. High-resolution scanning electron images of an AB-type binary superlattice mono-
layer monolayer at low (c) and high (d) magnifications, respectively. Structural models of
the AB-type binary superlattice monolayer from top (e) and side (f) views, respectively. (g)
Transmission electron image and Fourier transform (inset) of an AB-type binary superlattice
monolayer self-assembled from 16.5 nm Fe3O4 and 5.5 nm FePt nanoparticles. (h) Transmis-
sion electron image and selected area electron diffraction pattern (inset) of an AB-type binary
superlattice monolayer consisting of 28.9 nm NaFY4:Yb/Er and 13.4 nm Fe3O4 nanoparticles
[65]. (Reprinted with permission from Dong A, Ye X, Chen J, Murray CB. Two-dimensional
binary and ternary nanocrystal superlattices: the case of monolayers and bilayers. Nano Lett
2011;11:1804–1809, Copyright 2011, American Chemical Society.) (For a color version of
this figure, see the color plate section.)
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28.9 nm NaYF4:Yb/Er and 13.4 nm Fe3O4 nanoparticles (Fig. 4.30h), demon-
strating the generality of the liquid–air interfacial assembly in the growth of
binary superlattice monolayers.

4.3.5 Other Approaches

Different from the discussion so far that focuses on systems synthesizing and
assembling nanoparticles in separate steps, nanoparticles can be assembled im-
mediately following the synthesis step if the arrangement of the nanoparticles
can be properly controlled. In a two-phase reaction system, dodecanethiol (or
its toluene solution) acts as the upper oil phase, which plays the roles of sulfur
source, ligand, and reducer. The lower aqueous phase contains copper ions and
other added anions (Ac− or Cl−, used for adjusting the growth of Cu2S). The
synthesis is performed in an autoclave at 200◦C. The Cu2S nanoparticles form
at the interface of water and dodecanethiol and are capped by dodecanethiol
molecules. The spherical nanoparticles close-packed into a layer, and the second-
layer nanoparticles fit into the voids between the first-layer nanoparticles. Two
types of packing symmetry can be adopted by the third-layer nanoparticles to
build face-centered cubic (Fig. 4.31a) or hexagonal close packing (Fig. 4.31b)
superstructures. The inset Fourier transform patterns show a high stacking order
with a sixfold axis. The ordering is up to hundreds of nanometers [66].

4.4 HYBRID

Top-down nanofabrication techniques have advanced to a point where process
integration with bottom-up self-assembly is possible. This includes photolithog-
raphy, microcontact printing, and nanoimprint lithography. Because most litho-
graphic techniques are constrained to two-dimensional planes, investigation of
integrated nanoparticle superstructure construction also usually focuses on two-
dimensional organization.

During the hybrid nanostructure construction process, topographical or chem-
ical heterogeneities at the nanoscale are used to confine and regulate nanoparti-
cles. Top-down methods are used to make patterns of various sizes to serve as
the templates to direct the deposition and assembly of various nanoparticles in a
confined space or position. External fields such as electrical, magnetic, shear, or
pressure may be used to further improve the precision, speed, or efficiency of the
nanoparticle superstructure building processes.

4.4.1 Functionalized Interactions

Microelectrode arrays based on either TiO2 or metal nanoparticles are
made by combining photolithography and photocatalytic deposition as dis-
cussed in Section 4.2.1. The procedure involves photolithographically selective
decomposition of superhydrophobic n-octadecyltriethoxysilane (C18H37Cl3Si)
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FIGURE 4.31 Transmission electron images of Cu2S nanoparticle assemblies: (a) face-
centered cubic-packed spherical nanoparticles, (b) hexagonal close-packed spherical nanopar-
ticles, (c) two layers of close-packed elongated nanoparticles, and (d) multilayers of elongated
nanoparticles. The top insets are the corresponding Fourier transform patterns, and the
bottom insets are the schemes of the stacking of nanoparticles [66]. (Reprinted with
permission from Zhuang Z, Peng Q, Zhang B, Li Y. Controllable synthesis of Cu2S nanocrys-
tals and their assembly into a superlattice. J Am Chem Soc 2008;130:10482–10483, Copy-
right 2008, American Chemical Society.) (For a color version of this figure, see the color
plate section.)

to create superhydrophobic/superhydrophilic TiO2 patterns. The generated TiO2

patterns then function as the new templates to produce metal nanoparticle-based
microelectrode arrays by photocatalytic deposition. The metal nanoparticles grow
site-selectively inside the TiO2 templates. This hybrid approach can be used to
create microelectrode arrays composed of TiO2 nanoparticles and various metal
nanoparticles, such as gold, silver, and platinum, with different patterns [67].
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Self-assembled polymer monolayers fabricated by microcontact printing can
be used as the guiding templates for nanoparticle superstructure construction.
Superstructures of gold nanoparticles are obtained on a solid substrate with pre-
cise position and density control by the self-assembled monolayers terminated
with different functional groups. Two examples are –CH3/–NH2 and –CH3/–SH,
which offer different affinities to gold nanoparticles. Gold nanoparticles assemble
selectively on –NH2 or –SH terminated locations; and the –NH2 functional group
binds electrostatically to the nanoparticles whereas the –SH groups bind chemi-
cally. The coverage of –CH3 terminated self-assembled monolayers is controlled
by changing the concentration of the polymer “ink” solution for the stamp. After
immersing the printed and self-assembled monolayer into –SH or –NH2 thiol
solutions for 2 hours, a predetermined coverage of –SH or –NH2 with the –CH3

terminated and self-assembled monolayer is formed in the contact regions, and a
pure –SH or –NH2 self-assembled monolayer is formed in the intervening area.
The position and density of gold nanoparticles on the surface are determined by
the distribution of the underlying functional groups [68].

Nanoimprint lithography, which allows control of lateral dimensions down to
6 nm [69], in combination with self-assembly of silanes on SiO2 in the micron
to submicron range is used to direct nanoparticle assembly. A thin polymer layer
is patterned on a substrate with a hard stamp at a temperature above the glass
transition temperature of the polymer [70]. After a residual layer removal step,
the substrate consists of a polymer relief pattern with exposed substrate regions
in-between. These substrates can be converted to chemically patterned substrates
by removing the polymer template and covering the bare SiO2 areas with self-
assembled monolayers of a different functionality. Both types of substrates are
used to attach functionalized nanoparticles by drop-casting or immersion. Al-
though drop-casting of functionalized nanoparticle suspensions on the substrates
results in a high selectivity, the coverage is not homogeneous on the entire sur-
face, and only short-range order is observed because of a lack of control over the
solvent evaporation process.

A multistep process based on nanoimprinting and chemically directed nanopar-
ticle assembly by vertical deposition is studied, employing the moving meniscus
principle to allow versatile patterning of nanoparticles on different types of sub-
strates [70]. In this manner, hexagonal close packing is achieved on micron-sized
features. By topographical confinement, a resolution of 60 nm is achieved for par-
ticle lines attached to aminoalkyl self-assembled monolayers, while resolutions
of 300 nm are achieved on chemically confined substrates.

Functionalized nanoparticle assembly can also be carried out by using a
combination of three methods: nanoimprint lithography to control the lat-
eral size, gas-phase self-assembly of silanes for anchoring the functionalized
nanoparticles, and meniscus method to control their ordering. Two types of
substrates are studied: substrates patterned topographically and chemically and
flat substrates patterned only chemically [70]. Figure 4.32 shows a schematic
representation of the process to fabricate patterns of nanoparticles using chem-
ical templates in combination with (Fig. 4.32a) or without physical barriers
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FIGURE 4.32 (a–c) Schematic representation of the process to fabricate patterns of nanopar-
ticles using chemical templates in combination with (a) or without physical barriers (b). The
polymer templates are prepared by nanoimprint lithography, self-assembled monolayers are
formed by gas-phase deposition, and nanoparticles are attached using a vertical deposition
setup (c), in which the samples are withdrawn vertically from the nanoparticle suspensions
at a constant speed [70]. (Reprinted with permission from Maury P, Escalante M, Reinhoudt
DN, Huskens J. Directed assembly of nanoparticles onto polymer-imprinted or chemically
patterned templates fabricated by nanoimprint lithography. Adv Mater 2005;17:2718–2723,
John Wiley & Sons.)

(Fig. 4.32b). Self-assembled monolayers are formed by gas-phase deposition,
and nanoparticles are attached using a vertical deposition setup (Fig. 4.32c), in
which the samples are withdrawn vertically from the nanoparticle suspensions at a
constant speed.

Sub-300 nm features are made using patterns produced by nanoimprint lithog-
raphy. Figures 4.33a and b show images of 55 nm SiO2 particles confined in
100 nm and 60 nm wide imprinted lines, leading to zigzag arrays and single
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(a) (b)

(c) (d)

FIGURE 4.33 Scanning electron images of 55 nm carboxylate–functionalized SiO2 nanopar-
ticles assembled on poly(methyl methacrylate) imprinted sub-300 nm patterns with aminoalkyl
self-assembled monolayers. The effect of confinement on the particle assembly is achieved
by using lines with line widths of (a) 100 nm and (b) 60 nm, and holes with diameters of
(c) 180 nm and (d) 100 nm [70]. (Reprinted with permission from Maury P, Escalante M,
Reinhoudt DN, Huskens J. Directed assembly of nanoparticles onto polymer-imprinted
or chemically patterned templates fabricated by nanoimprint lithography. Adv. Mater.
2005;17:2718–2723, John Wiley & Sons.)

particle lines, respectively. The initial polymer height is 100 nm, and the residual
layer is removed by exposure to oxygen plasma for 10 seconds. The withdrawal
speed is 1 µm s−1. After particle adsorption, the polymer template is removed
by sonication in acetone for 1 minute. For Figures 4.33c and d, imprinted holes
of 180 nm and 100 nm sizes are used, respectively. In all cases, the aminoalkyl
(amino derivative of an alkyl radical) self-assembled monolayer acts as an anchor
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when using a topographical template as the substrate, which allows easy removal
of the polymer.

4.4.2 Nonfunctionalized Interactions

Topographical templates can confine nonfunctionalized particles within the
patterns. Pattern confinement can be used to obtain special nanoparticle
arrangements, to control superstructure symmetry, and to pattern multilayers
of nanoparticles on both large and small scales.

Periodic arrays of silver nanoparticles are fabricated on various solid sub-
strates by block copolymer photolithography. By employing a block copolymer
to spatially organize silver nanoparticles, laser light can be concentrated via plas-
mon resonance to locally expose a photoresist. By subsequent development, this
plasmonic lithography can provide deep subwavelength scale features [71]. A
spin-coated diblock copolymer thin film with well-ordered and vertically ori-
ented cylindrical nanodomains is utilized as the template. Ag+ is selectively
doped in the cylindrical nanodomain by placing a few drops of AgNO3 aqueous
solution on the film. Both photochemical reduction of Ag+ to metallic silver
and concomitant photo-etching of the diblock copolymer template are realized
under UV light irradiation in a vacuum, resulting in a direct transcription of the
periodic pattern of the diblock copolymer template to the metallic silver nanopar-
ticle array with consistent periodicity [72]. A periodic hexagonal close-packed
nanoparticle two-dimensional array photomask can transfer a nanopattern into a
photoresist. This method can be made to precisely control the spacing between
nanoparticles by using different temperatures. High-density nanoparticle thin film
is accomplished by self-assembly through the LS technique on a water surface
and then transferring the particle monolayer to a temperature-sensitive polymer
membrane. The observed transmission strongly depends on the wavelength and
the period of the hexagonal close-packed two-dimensional nanoparticle array. A
30 nm hexagonal close-packed two-dimensional silver nanoparticle array with a
50 nm period is successfully transferred into S1813 photoresist by this method
(Fig. 4.34). The resultant feature sizes are 34 nm with a period of 46 nm [73].

SiO2 nanoparticle superstructures on a TiO2 surface and TiO2 nanoparticle su-
perstructures on a SiO2 surface are formed by deposition of SiO2 or TiO2 nanopar-
ticles on prepatterned substrates as discussed in Section 4.2.1. Photolithography
creates a matrix for selective deposition of nanoparticles by immersing the sub-
strates in a colloidal suspension. Although two-dimensional colloidal patches of
TiO2 nanoparticles are obtained on SiO2 surfaces, SiO2 nanoparticles form three-
dimensional, U-shaped channels on TiO2 surfaces. The influence of electrostatic
forces on the assembled structure is vital. The isoelectric points of the particles,
the prepatterned matrix, and the photo-resist are key parameters that may be ma-
nipulated to achieve various microstructures. The two-dimensional nanoparticle
arrays of TiO2 on SiO2 and three-dimensional channels of SiO2 on flat TiO2 sur-
faces are of potential interest in lab-on-a-chip applications [6]. For CdSe quantum
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FIGURE 4.34 (a) Silver nanoparticle hexagonal close-packed two-dimensional array
achieved by self-assembly, (b) developed S1813 photoresist exposed at 365 nm wavelength
[72]. (Reprinted with permission from Lewis S, Wheeler-Jones R, Haynes V, Perks RM. High
density self assembled nanoparticle film with temperature-controllable interparticle spacing for
deep subwavelength nanolithography using localized surface plasmon modes on planar silver
nanoparticle tunable grating. Microelectron Eng 2008;85:486–491, Copyright 2008, Elsevier.)

dots, a combination of nanoparticle patterning with photolithography leads to mi-
cropatterned multilayers [31]. Separately, SiO2 nanoparticles are synthesized and
assembled in a monolayer manner through halogenated silanes. Photolithography
techniques are used to pattern the glass surface prior to nanoparticle attachment.
The concentration of the SiO2 nanoparticles in the solution controls the surface
coverage of the nanoparticles on the glass surface. Different SiO2 arrays can be
patterned with controlled surface coverage. The nanoparticle-covered surface has
enhanced enzymatic reactivity in biosensor development [74].

4.5 TEMPLATING

Template-assisted assembly, where a prefabricated “template” orients and directs
the nanoparticles and controls the morphology and pattern of the resulting assem-
blies, provides a straightforward and effective route to fabricate novel structures
that would be otherwise unfavorable in the absence of the template. A broad
range of objects have been used as templates for nanoparticle superstructure con-
struction, which can be classified into soft and hard categories. Although soft
templates (such as small molecules, block copolymers, and DNAs) possess dis-
tinct chemical structures and provide multiple well-defined binding sites for the
attachment of nanoparticles, such assembly strategies are typically applicable to
a limited subset of particles that meet specific surface chemistry requirements.
Alternatively, hard templates, such as relief structures patterned on the surfaces
of solid substrates, provide greater toughness and structural characteristics for
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assembling nanoparticles. Compared to template-free methods, template-based
nanoparticle superstructure construction through nonspecific interactions has the
advantage of universality, feasibility, and controllable and tunable functionality.
Based on the origin of the template, template-based methods can be divided into
natural and synthetic. In general, synthetic templates have more varieties and
better control of feature characteristics.

4.5.1 Natural Template

Nature offers a rich source of nanostructured templates. Biospecific interactions
are used to assemble low-dimensional hybrid objects. Biomolecules, such as
lipids, carbohydrates, DNAs, proteins, and viruses, have advantages over non-
biological species as templates owing to their uniform size, shape stability, and
robust specific biorecognition interactions. DNA-based self-assembly offers pre-
cise structural control and responsive functionality. Two-dimensional crystalline
protein surface layer from bacterium Sporosarcina ureae can be utilized to arrange
the orientation and spatial distribution of nanoparticles [75]. Direct synthesis and
organization of platinum, rhodium, palladium, iron, cobalt, and nickel nanopar-
ticles on a viral capsid are achieved by incubating T4 virions in a solution of the
corresponding metal salt and treating with a reductant. Different chemical groups
inherent in the capsid protein are used as ligands to electrostatically bind metal
ions. Centrifugation is carried out to decrease the unbound metal ions around
the virions in order to ensure that the reduction and nucleation of metal ions
occur on the binding sites. The growth of metal particles in situ yields a highly
dispersed configuration and a small size distribution, which contribute to high
electrocatalytic activities of the obtained noble metal particles. Also, the cov-
erage density of nanoparticles can be tuned simply by changing the incubation
time or cycles of the virions [76]. In addition, proteins are used as a template
to assemble gold nanoparticles in a rod-like fashion [77]. An antibody, C225
(epidermal growth factor receptor), is used as a template during the synthesis of
gold nanoparticles. Association of the protein with the gold salt, tetrachloroauric
acid (HAuCl4), before the reduction is essential for this antibody-mediated self-
assembly. Figure 4.35 shows a transmission electron image of gold nanoparticles
formed in the presence of C225 as a template. Figure 4.35a shows a transmission
electron image of the Au–C225 conjugate before cooling. Spherical/elongated
gold nanoparticles about 5 nm in diameter are observed. Figure 4.35b shows
the transmission electron image of Au–C225 after cooling to –20◦C. The unique
organization of gold nanoparticles in a rod-like fashion is observed (Fig. 4.35b).
A higher magnification image of the same rod shows the compact organization
of discrete gold nanoparticles (Fig. 4.35c). These natural templates enable the
design of robust self-assembly systems with desired morphologies.

Epitaxial templates can be matched with the dimensional and stereochemical
needs of the crystalline planes of nanoparticles. The patterned templates do
not require prior knowledge of the guest crystal structure but necessitate that
nanoparticles discriminate among heterogeneous surface structures. A surface
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(a) (b) (c)

FIGURE 4.35 Transmission electron images of (a) Au–C225 conjugates, where C225 is
present during the reduction in the gold salt by sodium borohydride (Au/C225 = 10:1).
(b) Transmission electron image of the same conjugate cooled to −20◦C followed by thawing
at room temperature. (c) A higher magnification image at the edge of the rod shown in (b) [76].
(Reprinted with permission from Bhattacharya R, Patra CR, Wang S, Lu L, Yaszemski MJ,
Mukhopadhyay D, Mukherjee P. Assembly of gold nanoparticles in a rod-like fashion using
proteins as templates. Adv Funct Mater 2006;16:395–400, John Wiley & Sons.)

pattern with periodically active sites separated by inactive barriers can serve
as a site-specific template for the synthesis of nanoparticle arrays. Chemically
modified Au55 nanoclusters (a cuboctahedral structure consisting of one central
atom, an inner shell of 12 atoms, and an outer one of 42 atoms) are incorporated
into highly oriented molecular templates by substitution of individual molecules
of the template. The required molecular templates form spontaneously at the
solid–liquid interface of highly oriented pyrolytic graphite and can be directly
investigated by STM at the solid–solution interface. Strands of linearly arranged
superstructures with a periodicity down to a few nanometers of gold clusters are
arranged along the template direction [78].

Using self-assembled monolayer patterns, two approaches can be taken to
make nanoparticle arrays: one relying on the self-assembled monolayer pattern
to selectively attract nanoparticles from their suspensions by surface-particle in-
teractions and the other by nucleating and regulating nanoparticle growth directly
on the self-assembled monolayer pattern. The self-assembled monolayers pro-
vide diverse surface functionalities such as –OH, –COOH, or –SH, which can be
used to attract functionalized nanoparticles. Layers of nanoparticles have been
adsorbed on self-assembled monolayers [46, 68, 79–83]. The specific affinity
between the exposed tail groups on self-assembled monolayers and the surface
properties of nanoparticles is critical for the selective deposition. The types of
interactions used include electrostatic attraction between self-assembled mono-
layers and nanoparticles [83], the metal–thiol bond between nanoparticles and
thiols [80], and other chemical bonds between the tail group and the capping
agent. Efforts have also been made to control the immobilized nanoparticle
density [82].



TEMPLATING 245

Templating of nanoparticles into three-dimensional superstructures by a pre-
determined template opens the route to creation of chemical, optical, magnetic,
and electronic devices with endless possibilities and outstanding properties. Ex-
ample applications include supports for organic synthesis, separation processes,
bioreactors, and photonic band gap materials.

4.5.2 Synthetic Template

Polymers are excellent synthetic templates that provide uniform size and shape
and can be easily removed by thermal pyrolysis. Close packing of nanoparti-
cles into macroscopically ordered polymer templates can be induced by solvent
evaporation, filtration, sedimentation, or centrifugation. Long-range ordering of
colloidal particles is often promoted by attractive forces between the template
and the nanoparticles in the suspension. The polymer is often PS or PMMA
with micron sizes. The simplest approach involves controlled adsorption and/or
reactions (e.g., heterocoagulation and sol–gel condensation) on the surface of
the templates. Templating of nanoparticles involves three steps: immersion of the
synthetic template (often an organic species) into the nanoparticle precursor solu-
tion (e.g., metal alkoxide, metal salts, and monomers), filtration of the inorganic
particles into the interstitial sites of the organic template, and removal of the
organic template by calcination, chemical etching, or dissolution. This procedure
can integrate a large variety of colloidal particles into a porous organic solid with
a periodic three-dimensional structure.

Crystalline assemblies of organic species such as PS spheres offer a host ma-
trix to produce highly hierarchical nanostructured organic–inorganic materials.
The template can be subsequently removed chemically or thermally, leaving be-
hind a porous material that is an inverse replica of the template microstructure.
The superstructure and form of the resulting porous sample depend directly on
the characteristics of the starting template. Polymeric colloidal particle films
are an ideal starting template. These materials are three-dimensionally ordered
and close-packed arrays of spherical polymer particles. The templates can be
prepared using a variety of methods, including gravity sedimentation, filtra-
tion, and convective assembly, and can be highly ordered over centimeter length
scales, uniform in thickness, and strongly diffractive at visible wavelengths. When
defect-free, the templates may contain only 24% free space. Precursors of metal,
ceramic, or semiconductor nanoparticles can be infiltrated into the free space
and subsequently condensed to their solid forms. This strategy has been used to
prepare a wide variety of macro- and mesoporous materials.

One example of the synthetic template approach is shown in Figure 4.36 [84].
Core/shell structures are exploited as combined building blocks and sacrificial
templates for the construction of hierarchical nanostructures. Porous ceramic
nanoparticle superstructures such as TiO2, ZrO2, SiO2, and Al2O3 from the
corresponding metal alkoxides are made using PS spheres as templates [85–87].
In a fast, single-step reaction, the monomeric alkoxide precursors permeate the
array of PS sphere packing and condense. Oxide nanoparticle close packing
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FIGURE 4.36 Schematic procedure for fabrication of macroporous materials via polymer/
nanoparticle core/shell flocculation [84]. (Reprinted with permission from Tang F-Q, Fudouzi
H, Uchikoshi T, Sakka Y. Preparation of porous materials with controlled pore size and porosity.
J Eur Ceram Soc 2004;24:341–344, Copyright 2004, Elsevier.)

with periodic three-dimensional arrays and 320–360 nm diameter macropores is
obtained after calcination of the organic component at 575◦C. In one example,
SiO2 nanolayers of 15–40 nm are coated onto PS via tetraethyl orthosilicate
(TEOS) hydrolysis [88]. The SiO2 layer growth rate and the maximum layer
thickness are strongly dependent on the reaction time and pH. The structures
consist of uniform hexagonal close-packed spherical pores interconnected with
each other. The pore size and the thickness of the nanoparticle walls in the final
superstructures can be varied independently by choosing different templates and
reaction conditions. Infiltration of a TiO2 sol–gel precursor into the PS template is
also possible [89]. The pores are highly ordered in a hexagonal array, the channel
size is 180 ± 20 nm, and the wall thickness is 100 ± 20 nm, depending on the
TiO2–PS compositions. The coated PS array can be dried and dissolved, leaving
a regularly packed TiO2 porous structure. The PS array can also be sonicated to
obtain TiO2 hollow spheres with a nanoscale wall thickness.

Another approach for nanoparticle superstructure construction using to syn-
thetic templates is particle surface charge modification. The critical step is to
obtain well-dispersed suspensions of polymer and ceramic particles such as
Al2O3, TiO2, or ZrO2 with opposite charges at the same pH condition. Upon mix-
ing of the two suspensions, polymer core/nanoparticle shell structures are formed
via electrostatic attraction. The flocculated core/shell particles are subsequently
closely packed by vacuum filtration, slip casting, or other means. The polymers
are finally removed by calcination, resulting in porous structures. Ordered arrays
of monodispersed SiO2 nanoparticles are produced [90, 91]. Colloidal codis-
persion of SiO2-coated gold particles and PS particles has generated regular
composite nanostructures without complex chemical reactions (Fig. 4.37) [92].

The structure of nanoparticle-based macroporous superstructures produced
by synthetic templates is highly dependent on the properties of the starting
materials and the suspension conditions, such as zeta potential, particle size, and
volume ratio of nanoparticles to polymer spheres. In order to fabricate core/shell
composites with uniform structures, a key point is to prepare well-dispersed
suspensions with both the template particles and the nanoparticles in the same
pH range; otherwise, uniform core/shell structures can be difficult to obtain due
to the agglomeration of one or both of the suspensions.
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FIGURE 4.37 Lower (left) and higher (right) magnification scanning electron images of
gold/SiO2 core/shell nanoparticle superstructures formed by templating 640 nm polystyrene
particles with SiO2-coated gold nanoparticles. (a) and (b) are for 70 nm SiO2-coated gold
nanoparticles; (c) and (d) are for 50 nm SiO2-coated gold nanoparticles; (e) and (f) are
for 30 nm SiO2-coated gold nanoparticles [92]. (Reprinted with permission from Wang DY,
Salgueirino-Maceira V, Liz-Marzan LW, Caruso F. Gold-silica inverse opals by colloidal crystal
templating. Adv Mater 2002;14:908–912, Wiley-VCH.)
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Although the general area of templating has been very active over the last
decade, the application of templating methods to the synthesis of macroporous
metal nanoparticle-based materials is in its early stages. Macroporous metals can
be created from colloidal crystal templates, may have over 70% porosity, resulting
in a net surface area of several square meters for a thin layer only 1 cm across,
and are sturdy enough to withstand routine handling. The pores of these samples
are highly ordered over large length scales and are interconnected by small
windows that give solvents and gases ready access to the entire internal surface
of the metal. Moreover, since the porous structure is ordered and the surface is
relatively flat, the materials possess striking optical features reminiscent of highly
blazed gratings. The unique combination of both micro- and nanostructures, as
well as the thin layer format, suggests that these samples may be useful in a wide
variety of applications ranging from sensing to catalysis [93]. Figure 4.38a shows
the top view of a macroporous copper film with 325 ± 15 nm diameter voids.
The bottom left inset shows the Fourier transform pattern of a low-magnification

(a) (b)

(c) (d)

FIGURE 4.38 Typical scanning electron images of macroporous metal films. (a) Top view
of a macroporous copper film with 325 ± 15 nm diameter pores. The bottom left inset
shows the Fourier transform pattern of a low-magnification image of a 40 × 40 µm2 region.
(b) Top view and Fourier transform pattern of a silver film with 353 ± 17 nm diameter voids.
(c) A high-magnification image of a macroporous nickel film showing the smaller pores
(60 ± 10 nm) that interconnect the larger pores. (d) Top and cross-sectional view of the
macroporous copper film from (a) at lower magnification [93]. (Reprinted with permission
from Kulinowski KM, Jiang P, Vaswani H, Colvin VL. Porous metals from colloidal templates.
Adv Mater 2000;12:833–838, John Wiley & Sons.)
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image of a 40 × 40 µm2 region. Figure 4.38b shows the top view and Fourier
transform pattern of a silver film with 353 ± 17 nm diameter pores. Figure 4.38c
shows a high-magnification image of a macroporous nickel film showing the
smaller pores (60 ± 10 nm) that interconnect the air cavities. Figure 4.38d shows
the top and cross-sectional view of the macroporous copper film from (a) at lower
magnification. The sample is scraped using a sharp razor blade to expose the cross
section and tilted at 30–40◦, which reveals the porous morphology throughout
the film [93].

Filtration can be used both to create the PS particle crystals (with PS diameters
from 200–1000 nm) and to draw a solution of gold nanoparticles (15–25 nm) into
the interstices of the crystal. Nanoparticles can penetrate into the colloidal multi-
layer easily because of the small size. The PS/gold nanoparticle superstructure can
be detached from the filter and dried in air. Removal of the PS spheres is accom-
plished either by calcination, yielding macroporous gold-based superstructures,
or by chemical means, such as oxidation by concentrated sulfuric acid and/or
dissolution in trichloromethane (CHCl3), yielding meso/macroporous samples.
Pore size can be controlled by varying either the size of the gold nanoparticles
(smaller particles yield thicker walls and smaller pores) or the chosen method of
template removal (oxidation produces thicker walls than dissolution).

Synthetic templates provide control over pore dimensions and the physical
or chemical properties of the resulting porous superstructures. This approach
also offers the possibility of creating multiscale porosities by dual templating
[94, 95]. The key challenges involve avoiding defect formation and suppressing
grain growth. Due to the intricate and regular nanostructures, any defects from the
templating process cannot be repaired and will remain in the three-dimensional
structures. Also, it is impossible to consolidate the template nanostructures by
applying external pressures since that will inevitably destroy them. Tremen-
dous challenges exist to strengthen the formed superstructure without invoking
nanoparticle grain growth or defect formation while achieving the ruggedness
needed. The ordered porous structure can be affected considerably by mechan-
ical compression at pressures as low as 86 MPa and essentially destroyed at
224 MPa. Care must be taken to ensure that the porous superstructure in use has
not been altered.

PMMA colloidal crystal monoliths with sphere diameters of 416 ± 11 nm
are used as templates for the generation of three-dimensional and ordered meso-
porous materials through confinement of a concentrated triconstituent precursor
solution (a soluble phenol-formaldehyde prepolymer, TEOS, and a nonionic tri-
block copolymer) by infiltration. The external morphology of the mesostructured
products can be controlled. The hierarchical (ordered macropores from PMMA
spheres and large mesopores from the copolymer) superstructures are shown in
Figure 4.39 [96].

Bicontinuous polymeric gels have also been used as templates to form porous
nanoparticle-based superstructures. The pores are often irregular and of large
size. Examples include in situ mineralization of magnetite (Fe3O4) and TiO2. This
type of polymer templates generally uses molecular precursors that infiltrate and
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FIGURE 4.39 Scanning electron images (a, b, and c) and transmission electron im-
ages (d, e, and f) of three-dimensional-ordered macro-/mesoporous carbon–SiO2 (a and d),
three-dimensional-ordered macro-/mesoporous SiO2 (b and e), and three-dimensional-ordered
macro-/mesoporous carbon (c and f) monoliths after carbonization in nitrogen at 900◦C for
2 hours [96]. (Reprinted with permission from Wang Z, Stein A. Morphology control of carbon,
silica, and carbon/silica nanocomposites: from 3D ordered macro-/mesoporous monoliths to
shaped mesoporous particles. Chem Mater 2008;20:1029–1040, Copyright 2008, American
Chemical Society.)
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react within confined but structured spaces. Acrylic acid-based copolymers with
different proportions of carboxylic acid and hydroxyl functional groups are infil-
trated with colloidal suspensions of Fe3O4 or TiO2 to prepare three-dimensional
inorganic monoliths with a sponge-like texture [97]. The copolymer–Fe3O4 com-
posite shows almost no detectable coercivity, while the calcined replicas show
coercivity. Macroporous PMMA/SiO2 nanocomposite monoliths are synthesized
in supercritical CO2 [98]. Dispersed SiO2 particles are pretreated with functional
3-(trimethoxysilyl)-propyl methacrylate. This results in SiO2–PMMA nanocom-
posites forming interconnected structures with micron-sized pores and grafted
polymer layers on the SiO2 surface.

Gold nanoparticles are evenly deposited on polyaniline nanofibers by simply
introducing an acid (typically thioglycolic acid) that shows strong affinity
for gold nanoparticles. Redox reaction occurs between polyaniline and noble
metal salts; and the acid affects reaction kinetics, size, and uniformity of
polyaniline/noble metal assemblies. Gold nanoparticles can be tuned from 2 to
10 nm in a controlled manner in the case of thioglycolic acid-doped polyaniline
nanofibers. This method is also applicable to synthesizing uniform polyaniline
nanofiber composites with other noble metal nanoparticles, such as platinum.
From an application point of view, polyaniline nanofiber/gold nanoparticle
composites can be used as catalysts for the reduction in 4-nitrophenol (4NP)
in the presence of NaBH4 [99]. Figure 4.40 shows the gold nanoparticles
synthesized using polyaniline nanofibers as templates.

For nano- and mesoscale structures, the polymeric gel templating approach
generally works well, provided that there is sufficient chemical and interfacial

FIGURE 4.40 Transmission electron image of gold nanoparticles synthesized using polyani-
line nanofibers as templates [99]. (Reprinted with permission from Han J, Li L, Guo R. Novel
approach to controllable synthesis of gold nanoparticles supported on polyaniline nanofibers.
Macromolecules 2010;43:10636–10644, Copyright 2010, American Chemical Society.)
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complementarity between the organic and inorganic components. The hybrid
structures can be subsequently transformed into inorganic monoliths with macro-
porous structures. This strategy is wide-ranging because the structure and com-
position of the polymer gel phase and the surface chemistry and nature of the
inorganic nanoparticles can be systematically varied. The potential drawback is
the irregularity of the pores formed.

4.6 THREE-DIMENSIONAL ASSEMBLY

Several approaches have been developed to precisely position nanoparticles into
three-dimensional arrays either by directed assembly [100] or by layer-by-layer
assembly [101,102]. Even though the three-dimensional array can be fairly small
in size [103, 104], the technique itself bears no limitation on dimensions if ex-
tended shaping time is given.

One possibility is based on the principle of depositing oppositely charged
nanoparticles by electrostatic self-assembly onto an existing colloidal polymer
template. The first step involves the deposition of a charged polymer layer onto
colloidal particles. The charged polymer layer, which exhibits the opposite charge
versus the particle surface, is added to the colloidal suspension and allowed to
adsorb through electrostatic interactions. Subsequent exposure of the polymer-
coated particles to oppositely charged nanoparticles results in the deposition of a
new nanoparticle layer. Additional layers can be deposited by repeated deposition
cycles, making use of the surface charge reversal that occurs upon adsorption of
each nanoparticle layer, thereby producing colloidal core and multilayer shell
assemblies. Calcination (a thermal treatment process applied to the assembled
structures to bring about a thermal decomposition and removal of the volatile
fraction) of the coated particles removes both the colloidal core and the bridging
polymer, thereby producing hollow inorganic spheres. This is generalized as col-
loidal templating and self-assembly hybrid approach [105]. Colloidal templates
of different composition and size (submicron or micron) can be employed. The
multilayer shell structure produced can be only a couple of nanometers thin. An
increase in the thickness of the multilayer shell on the colloidal nanoparticles
creates single particle light scattering intensity shifts. Complete, unbroken SiO2

hollow spheres, which preserve the original shape of the template, are obtained
when the wall thickness consists of two or more SiO2 layers, whereas both broken
and unbroken hollow spheres are produced when the wall comprises a single SiO2

layer. Even oxide–organic composite hollow spheres can be obtained by using a
solvent that decomposes the templated core but leaves the polymer bridging the
nanoparticles in the shell.

Controllable self-assembly of star-shaped PbS nanocrystals into both close-
packed arrays and patterned arrays is demonstrated by evaporation-induced as-
sembly routes [106]. First, large-area three-dimensional and two-dimensional
hexagonal close-packed assemblies of PbS nanostars are obtained on a clean sili-
con substrate by drop coating and vertical deposition, respectively. Interestingly,
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by using monolayer colloidal crystals and inverted monolayer colloidal crystals as
the template, various nonclose-packed arrays of PbS nanostars with controllable
patterns are fabricated through the vertical deposition method. Figure 4.41a shows
PbS nanostars. Figure 4.41b shows that PbS nanostars self-assembled into films
with a significant number of cracks after solvent evaporation. Figure 4.41c shows
an enlarged scanning electron image of the obtained PbS assemblies, which sug-
gests that the close-packed arrays exhibit hexagonal geometry in a large area, as
indicated by the Fourier transform. As shown in Figure 4.41d, PbS nanostars self-
assemble into hexagonal close-packed arrays with an average distance at ∼60 nm.
Considering the peculiar morphology of the six-horn stars, PbS nanoparticles
tend to deposit with three horns standing on the lower layer of the substrate, and
the horns of neighboring nanostars interdigitated to form assemblies with close
packing. The oblique view in Figure 4.41e confirms the multilayer three-
dimensional array of PbS nanostars. As expected from the hexagonal arrange-
ment, each PbS monolayer is shifted by half of the inter-PbS distance with respect
to the adjacent layers (Fig. 4.41f). With the 130 nm monolayer colloidal crystal
template, a nonclose-packed array of PbS nanostars with three horns standing on
the template is prepared, leading to the formation of novel star–sphere binary col-
loidal crystals with a stoichiometric star/sphere ratio of 1. A proper concentration
of initial PbS dispersions and the peculiar shape of six-horn stars are crucial for
the exclusive formation of the nonclose-packed array of PbS nanostars. With the
130 nm inverted monolayer colloidal crystal template, an nonclose-packed array
of [001]-oriented PbS nanostars with a single horn stretched vertically upward
is prepared. The circular gap size on the surface plane of the inverted monolayer
colloidal crystal template (i.e., the proper SiO2 filling height) is essential besides
the peculiar six-horn star shape of PbS nanoparticles.

The patterns of the PbS nanostar arrays can be readily adjusted by using
monolayer colloidal crystals with different sphere diameters as the template un-
der otherwise identical conditions. For example, two monolayer colloidal crystal
templates consisting of 340 nm PMMA spheres and 500 nm PS spheres are
employed for the vertical deposition of PbS nanostars. Figure 4.42a shows the
nonclose-packed array of PbS stars assembled in a lower PbS dispersion concen-
tration (∼0.75 mM) by using 340 nm spheres in the monolayer colloidal crystal
template. Since the sphere diameter is larger than the critical diameter (∼150 nm),
one PbS nanostar occupies one interstitial site in the ordered monolayer colloidal
crystal template layer, leading to a star-to-sphere number ratio of ∼2. However,
it is noteworthy that the size matching between the triangle-shaped interstices
of the monolayer colloidal crystals and the star-shaped particles decreases with
increasing diameters for the polymer spheres, resulting in a significant deviation
from the perfect binary star–sphere colloidal crystals with a star/sphere ratio of 2.
If the PbS dispersion concentration is increased to ∼1.5 mM, nanonet-like PbS
nanostar arrays with a pore size of ∼260 nm are assembled on the monolayer
colloidal crystal template (Fig. 4.42b). In this case, PbS nanostars fill the gaps
among the template layer with local ordered structure, leading to nanonet-like
arrays with ordered, hexagonally packed circular pores that are inherited from the
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FIGURE 4.41 Scanning electron images of (a) PbS nanostars and (b−e) their three-
dimensional hexagonal close-packed assemblies obtained by drop coating. (f) Schematic il-
lustration of the three-dimensional hexagonal close-packed structures of six-horn stars. Inset
in (a) is a transmission electron image of PbS nanostars, and the inset in (c) is the correspond-
ing Fourier transform [106]. (Reprinted with permission from Huang T, Zhao Q, Xiao J, Qi
L. Controllable self-assembly of PbS nanostars into ordered structures: close-packed arrays
and patterned arrays. ACS Nano 2010;4:4707–4716, Copyright 2010, American Chemical
Society.) (For a color version of this figure, see the color plate section.)
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FIGURE 4.42 Scanning electron images of patterned arrays of PbS nanostars assembled on
the 340 nm (a, b) and 500 nm (c, d) monolayer colloidal crystal templates with lower (a, c)
and higher (b, d) packing densities by vertical deposition [106]. (Reprinted with permission
from Huang T, Zhao Q, Xiao J, Qi L. Controllable self-assembly of PbS nanostars into ordered
structures: close-packed arrays and patterned arrays. ACS Nano. 2010;4:4707–4716, Copyright
2010, American Chemical Society.)

original monolayer colloidal crystal templates. For the 500 nm monolayer col-
loidal crystal template, each interstitial site of the template can trap three to five
PbS nanostars in an ordered arrangement under a lower PbS dispersion concen-
tration (∼1 mM), resulting in another novel pattern for the nonclose-packed PbS
nanostar array, as demonstrated in Figure 4.42(c). Similarly, if the PbS dispersion
concentration is increased to ∼2 mM, nanonet-like PbS nanostar arrays with a
pore size of ∼390 nm are assembled on the monolayer colloidal crystal template
(Fig. 4.42d). For the template-assisted assembly of PbS nanostars, almost all of
the PbS nonclose-packed arrays inherit the long-range hexagonal order from the
initial monolayer colloidal crystal template. The obtained PbS close-packed and
patterned arrays may exhibit novel physical properties by virtue of the peculiar
six-horn star shape of PbS nanocrystals as well as their well-defined locations
and orientations. Potential applications include photoelectronic and photonic
nanodevices. The assembly strategy described here shows a new route for the
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controlled assembly of anisotropic nanoparticles into large-scale ordered arrays
with desirable patterns.

Three-dimensional assembly is certainly an active field in nanoparticle ma-
terials research. It presents the ultimate opportunity to manipulate particle ar-
rangement one layer at a time. Different species can arrange in a well-controlled
manner and create unique structures and functions. The main drawback is the
need for precise control of the species in the suspension and the time-consuming
process required to build large dimension structures.

4.7 SUMMARY

Nanoparticle superstructures are essential for constructing ultrasensitive sensors,
molecular electronics, high-density storage devices, high-throughput screening
instruments, and drug delivery devices. The available templates have now ex-
panded from the epitaxy type of solid substrates to self-assembled monolayers,
nanolithographical patterns, mesoporous media, and various biological organ-
isms. Rather than the strict dimensional match, these templates offer more flex-
ibility through built-in molecular recognition or new confinement mechanisms.
They can be very effective in inducing the desired morphology for nanoparticle
assembly and superstructure construction.

In this chapter, the discussion is divided into three categories: top-down,
bottom-up, and hybrid superstructure assemblies. The top-down processes in-
clude photolithography, electron beam lithography, and ion beam lithography.
The bottom-up approaches rely on the fundamental interaction forces between
nanoparticles, which can originate from nondirectional and directional interac-
tions. For the former, this includes vdW forces, dipole moments, and electrostatic
forces. For the latter, it includes covalent bonding and hydrogen bonding. In ad-
dition to the innate interactions between nanoparticles, special fields (such as
an electric field) can be used to assemble nanoparticles into superstructures. In
addition, capillary forces are effective in assembling nanoparticles at liquid–
air boundaries. When the top-down and bottom-up processes are combined to
assemble nanoparticles, the interaction can be from functionalized or nonfunc-
tionalized surfaces. The biological world also provides a host array of templates
for superstructure construction. They can be grouped into natural templates and
synthetic templates. In addition, the template-directed assembly can expand into
three dimensions.

QUESTIONS

1. Conventional photolithography technique cannot produce nanosize features.
What approaches can be used to extend photolithography technique to nanosize
feature creation? Give two approaches and explain how they work.

2. List three lithography techniques that you know; what are the differences in
the lithographic sources?
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3. What are the fundamental requirements on nanoparticle size for superstructure
assembly?

4. What are the advantages and disadvantages relying on nondirectional particle
interactions to assemble superstructures?

5. Can directional bonding produce densely packed superstructures? If so, why?
6. Give two examples of template-assisted superstructure construction process

and explain what the applications are for the superstructures.
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CHAPTER 5

NANOPARTICLE-BASED
MATERIAL SHAPING

5.1 INTRODUCTION

With a thorough analysis of nanoparticle characteristics such as particle size,

shape, and chemistry on hand, nanoparticles can be formed into a specific bulk

shape for structural or functional uses. The nanoparticle shaping processes to

be discussed in this chapter deal with particle collections in large quantities

and often in random arrangements. As a matter of fact, this field has been well

studied and practiced for micron and submicron particles. Extension of these

processes into nanoparticle-based materials is a natural step. Some techniques

require little processing change, while others require extensive retooling of the

technique involved. Naturally, some techniques are newly developed and only

suited for nanoparticle-based materials.

There are diverse requirements for the shaping/forming of nanoparticle-based

materials. Some applications, such as structural components and electronic de-

vices, require fully dense components, while other applications, such as sensors

and catalysts, require porous nanostructures and large response areas. As a general

guide, dense nanoparticle-based materials are used more often in the structural

areas that require high strength or high hardness, or in functional areas that re-

quire a high dielectric constant, conductivity, or magnetism. On this front, dense

nanoparticle-based materials have not progressed as fast as what was envisioned

more than a decade ago [1]; many to-be-discussed techniques derived from con-

ventional forming processes fall into this category, such as superhigh pressure

compaction and tape casting. The hurdles mainly originate from the limitation

Nanoparticulate Materials: Synthesis, Characterization, and Processing, First Edition. Kathy Lu.
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FIGURE 5.1 Different shaping techniques based on liquid and organic contents.

of the conventional techniques themselves. On the other front, active research

in porous nanoparticle-based materials has produced an amazing array of new

techniques. These approaches are often driven by functional needs such as cata-

lysts, sensors, optics, separation technologies, or bio-related applications. These

materials can be randomly porous or periodically porous nanoparticle-based

materials.

In selecting a forming process, there are many factors to consider, such as

the use of the material, the size of the component, and the fabrication cost.

To obtain the desired density while maintaining nanostructures for the final

components, nanoparticle packing at the shaping state must be well controlled.

Among the well-developed shaping techniques are dry forming processes such

as dynamic compaction, semidry processes such as molding and extrusion, and

wet processes such as casting and electrophoretic deposition (Fig. 5.1). There

is also a group of new techniques including digital processing and bio-derived

processing. Since nanoparticles have very large specific surface areas, the most

active research has been in the wet processing regime, starting with colloidal

suspensions of various nanoparticles. In this section, we will examine various

methods of forming nanoparticles into green shapes based on water content:

dry, semidry, and wet. We will then discuss the extremely active areas of digital

processing and bio-derived processing. For the well-developed forming processes

such as dry forming and semidry forming, only the most recent developments

will be highlighted. Interested readers are strongly encouraged to read some of

the excellent books for more information [2–4]. Our intent here is to emphasize

the forming processes that have extended into nanoparticle-based materials or

have been developed solely for nanoparticle-based materials.

5.2 DRY FORMING TECHNIQUES

5.2.1 Uniaxial Compaction

Uniaxial compaction, also called dry compaction, is one of the simplest methods

of forming nanoparticles into green compacts. Usually the water content of the

nanoparticle system is low (<2 wt%). For simple geometries, a die is filled with

nanoparticles and a pressure is applied, pushing the nanoparticles closer together
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into a monolithic shape. Lubricants and binders may be added to facilitate par-

ticle packing and enhance green compact strength. As a general technique, the

practice of uniaxial compaction can be traced back centuries ago. In modern days,

the process has been advanced with automatic control and sensor feedback. This

technique is most often used for ceramic nanoparticles and some metal nanopar-

ticles. For polymer or semiconductor materials, the process is rarely used, mainly

because other approaches are more economical or the applications never war-

rant a compaction step. For ceramic nanoparticles, the pressure applied onto the

nanoparticles is generally not enough for particle deformation and densification

is mostly achieved by particle rearrangement. For metal nanoparticles, this re-

mains mostly true, which is different from the behavior of micron-sized metal

particles. Although the externally applied pressure can be very high, it is mainly

consumed to overcome the frictional forces among the particles and between the

die and the particles. Even though fundamental nanoparticle interactions are not

different from their micron or submicron counterparts (electrostatic force, van der

Waals force, surface adsorption, or mechanical hindrance), the specific surface

area and the particle–particle contact points of a nanoparticle collection can be

orders of magnitude greater than those of the corresponding micron-sized par-

ticles. These characteristics present tremendous challenges for dry compaction.

For example, TiO2 powders of 5 µm and 20 nm can be used as a comparison

based on idealized spherical shape. Particle–particle contact points are calculated

based on 40% relative density using an empirical particle coordination number

equation [5]:

N = 14 − 10.4 (1 − ρrel)
2/5, (5.1)

where N is coordination number and ρrel is relative density. For 20 nm particles,

there are 3.51 × 1017 contact points in 1 cm3. For 5 µm particles, there are

2.25 × 1010 contact points in 1 cm3. There are seven orders of magnitude of more

particle–particle contact points for the 20 nm TiO2 particles than for the 5 µm

TiO2 particles in each cubic centimeter. The increase in frictional force among

nanoparticles is obvious.

When nanoparticle shapes are less regular than spherical and nanoparticle

surfaces have various defects such as kinks, steps, adatoms, and broken bonds,

the interparticle friction will drastically increase, hinder particle rearrangement

during uniaxial compaction, and thus result in low compact density and inho-

mogeneous microstructures. One example is the dry compaction of 40 nm SnO2

particles [6]. Only 55% green density is achieved at 500 MPa pressure. For

species with higher hardness, the green density under the conventional uniax-

ial compaction pressure is even lower. For Al2O3 particles of 30 nm size, only

about 53% green density is achieved at 200 MPa compaction pressure [7]. For

B4C particles of 100 nm size, only 46.5% density is achieved under 530 MPa

compaction pressure. To make the situation worse, nanoparticles have a natural

tendency of forming agglomerates, again because of the large specific surface

area and the defective particle surfaces. These agglomerates, in turn, result in
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poor compaction behaviors and various defects. Visible light translucency can

be used as a gauge for pore size and microstructure homogeneity evaluation.

When the sample is translucent, it means that large pores (micron level) have

been removed and homogenous packing has been achieved.

To mitigate one of the key barriers of nanoparticle uniaxial compaction, inter-

particle frictional forces, one approach is to coat the core nanoparticles with a thin

layer of a more compliant species. This method is very similar to the conventional

use of lubricant(s) in uniaxial pressing; but the coating is much thinner, has better

particle surface coverage, and can be a metallic element. Even though uniformly

coating nanoparticles is not a trivial task, the potential benefit of using the low

cost and fast uniaxial pressing process still makes the coating approach very

enticing. This coating approach has been reported to improve the nano-Al2O3

consolidation process [8]. Also, graphite encapsulated metal nanoparticles have

a very special core/shell spherical structure (5–100 nm in diameter). The shell

consists of several to over 10 layers of graphitic sheets. A simple packing method

using a magnetic field can achieve >90% density for the graphite encapsulated

metal bulk composite without any mechanical load [9]. However, the coating

layer thickness and uniformity must be carefully selected so that the compliant

phase does not hinder sintering densification or targeted performance. One such

undesirable example is SiO2–ZrO2 composite. SiO2 is coated onto ZrO2 by het-

erogeneous growth, but the toughness of the composite is severely compromised

due to the brittle nature of SiO2 [10]. Another more common approach is to make

ceramic or metal nanoparticle–polymer matrix or ceramic nanoparticle–metal

matrix composites. The uniaxial compaction process can be effectively used

to compact the nanoparticle reinforced polymer/metal matrix into high, if not

full, density.

To date, uniaxial nanoparticle compaction has encountered almost insurmount-

able hurdles as discussed above. An additional issue that has not been mentioned

is die filling. Dry nanoparticles have very poor packing behaviors, commonly la-

beled as “being fluffy.” Normally, loose nanoparticles have only about 5% packing

density. To make a 50% dense compact, a die cavity space that is 10 times of the

component size is needed for the to-be-formed component. This problem gets

especially worse for large samples, and explains why the component size for

nanoparticle uniaxial compaction is limited to the centimeter level. Nevertheless,

nanoparticle material forming by uniaxial compaction has been and will continue

to be experimented with in many research labs due to its simplicity and low cost.

Also, uniaxial compaction of nanoparticles seems to retain some competitive

edge when it comes to small size samples and simple shapes. This is because a

higher compaction pressure is more achievable and the die filling problem can

be correspondingly subdued.

5.2.2 Cold Isostatic Pressing

In cold isostatic pressing, a deformable and leakproof mold is filled with nanopar-

ticles, lightly compacted, and then immersed in a hydraulic fluid and pressurized.
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The approach involving total immersion of the sample in a fluid is called wet

bag pressing. Alternatively, a rigid plug may be inserted into a suspended bag to

yield a hollow shape. Since the bag is not totally immersed, the process is called

dry bag pressing. In comparison to uniaxial compaction, which relies on direct

pressure transfer between the rigid punch and the nanoparticles, the hydraulic

fluid in cold isostatic pressing applies pressure uniformly on all the nanoparticle

compact surfaces. Because of this enveloping pressure, higher packing density

and more uniform microstructure are generally believed to be the advantages of

the process. However, these expectations are based on the knowledge for micron

or submicron particles and remain to be tested for nanoparticles. Up to now, they

have not materialized. Recent work shows that cold isostatic pressing of ZrO2

nanoparticles forms an exterior “skin” of higher but variable surface density at

a compaction pressure as low as 276 MPa [11]. Four ZrO2 nanopowders stabi-

lized by 3 mol% Y2O3 are prepared by cold isostatic pressing at a pressure of

300–1000 MPa. The size of the pores in the green bodies and their evolution

during sintering correlate with the characteristics of individual nanopowders.

The powder with uniform particles of 10 nm size yields green bodies of required

microstructures. Only homogeneous green bodies with pores of <10 nm can be

sintered into dense bodies (>99% theoretical density) at a sufficiently low tem-

perature to keep the grain sizes in the <100 nm range (Fig. 5.2) [12]. Although

not always the case, typical cold isostatic pressing is limited to a pressure of

∼550 MPa, and this low pressure seriously limits the ultimate density that can

be achieved [13]. For example, cold isostatic pressing of ZrO2–Fe2O3 nanocom-

posites results in a lower green density (49%) than dry compaction (60%) due to

the lower pressure available (400 MPa vs. 1 GPa) [14]. Other researchers report

similar findings for ZrO2–Al2O3 nanocomposites [15]. It seems that cold iso-

static pressing may serve as an intermediate refining step but not a self-sufficient

(a) (b)

FIGURE 5.2 (a) Transmission electron micrograph of ZrO2 powder synthesized by a sol–gel

process. (b) Scanning electron micrograph showing the microstructure of ZrO2 sample sintered

at 1100◦C for 4 hours. The forming process is carried out by cold isostatic pressing [12].

(Reprinted with permission from Trunec M, Maca K. Compaction and pressureless sintering

of zirconia nanoparticles. J Am Ceram Soc 2007;90:2735–2740, John Wiley & Sons.)
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step in improving nanoparticle packing. Inherently, cold isostatic pressing also

requires more complex equipment than uniaxial pressing. To provide higher com-

paction pressure and thus achieve higher green density, researchers have moved

away from uniaxial pressing and cold isostatic pressing into other more effective

approaches such as superhigh pressure compaction.

5.2.3 Superhigh Pressure Compaction

Understandably, to overcome the extremely large surface frictional forces among

nanoparticles, break the ever-present agglomerates, and achieve high green den-

sities, a natural approach is to increase the compaction pressure and rate so

that the highest compaction energy and momentum can be imparted to nanopar-

ticles. These kinds of efforts can be categorized as superhigh pressure com-

paction, which was actively pursued at the beginning of nanoparticle-based

bulk material research. Although the pressing equipment is often sophisti-

cated and various safeguards need to be put in place, several different super-

high pressure forming techniques have emerged. Among these are conventional

high-pressure compaction, shock wave compaction, dynamic compaction (drop

weight, magnetic-impulse), explosive compaction, and combustion-driven com-

paction [16–23]. Most of these techniques can increase green densities to 60–75%

range, which is a very desirable level for nanoparticles and comparable to the den-

sity of micron-sized particle-based materials that are achieved by conventional

uniaxial pressing.

For the conventional high-pressure compaction, an isostatic pressure of

∼3 GPa is used to form 3 mol% Y2O3–ZrO2 nanoparticle compact. The formed

compact has a relative density of ∼60%, which is 12% higher than that achieved

by a typical cold isostatic compaction process with 450 MPa pressure [17]. At

least 1 GPa pressure is needed for the ZrO2 nanoparticles of 12 nm size to achieve

>55% relative density. Similar efforts are also carried out for SnO2 nanoparticles

of 40 nm size at 4.5 GPa compaction pressure; 78% relative density has been

achieved [6]. A diamond anvil cell is used to compact γ -Al2O3 nanoparticles of

20 nm size into a transparent component at 3 GPa [16, 24]. The green density

of the γ -Al2O3 compact plays a critical role during sintering. For a compaction

pressure <3 GPa, microstructures containing a significant amount of porosity

develop at all temperatures studied due to the development of a highly porous

or vermicular structure during the γ→α phase transformation, occurring at tem-

peratures between 1000◦C and 1150◦C. At >3 GPa compaction pressure, the

development of a porous, vermicular structure during the γ→α phase transfor-

mation can be entirely avoided, and a dense α-Al2O3 sintered microstructure is

achieved [16, 25]. Compacts of 15 nm SiO2 and 13 nm Al2O3 are produced un-

der nearly hydrostatic pressure up to 5.6 GPa in a toroidal-type apparatus. Over

90% densities are achieved for the γ -Al2O3 samples and over 80% densities

are obtained for the SiO2 samples, and the samples are crack free [26, 27]. For

nanocrystalline Al88Mm5Ni5Fe2 alloy powder (where Mm denotes Mischmetal,

which is a mixture of different lanthanides), compaction at even 7.7 GPa fails
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to make an intact sample [28]. High-velocity compaction has been applied to

titanium nanoparticles to form high-density metallic parts, whose densification

is realized through the strong impact wave generated by the liquid pressure from

a heavy hamper. This technology is believed to have a good balance between

properties and cost, and can produce components with high and homogeneous

green densities, low springback, and high precision. The maximum green density

for the titanium ring-shape sample is 4.0 g cm−3 and the relative density is 88.9%

at an impact energy of 3.804 kJ. However, for cylindrical samples, the maximum

green density is 4.38 g cm−3 and the relative density is 97.4% at an impact energy

of 1.217 kJ. For both kinds of samples, the green density increases with increas-

ing impact energy but decreases with increasing filling weight. Impact energy

per unit weight is helpful to characterize the green density obtained at different

dimensions, impact energies, and filling weights [29].

Superhigh pressure compaction presents a promising outlook for overcoming

the tremendous nanoparticle frictional forces and paving the path for nanoparticle

forming by dry processes. The advantages of superhigh pressure compaction lie

in high manufacturing efficiency and the potential for mainstream applications.

However, superhigh pressure compaction cannot address the green sample inho-

mogeneity problem that is intrinsic to the dry forming process. Another potential

problem with superhigh pressure compaction is cracking. When the compaction

pressure is so high that it elastically deforms the nanoparticles, the nanoparticle

compact will recover some of the strain instantaneously when the pressure is

released, referred to as “springback.” Although the elastic contribution to the

overall deformation may be small, springback forces can cause serious defects

in the green samples. Also, most of these experiments are conducted using spe-

cialized equipment such as a high-pressure chamber or a diamond anvil press.

These techniques are only suitable for making small, sometimes tiny samples.

Samples with more than 1 cm diameter or height cannot be easily processed. By

simply pushing the limit of existing die compaction presses, it is very difficult

to achieve >1 GPa compaction pressure, making it unlikely that conventional

high-pressure compaction will fulfill the needs of nanoparticle-based component

dry state shaping. Because of these limitations, superhigh pressure compaction

is not being as actively studied as before.

In shock wave compaction, high-velocity compressive waves are used to com-

pact and sinter nanoparticles simultaneously [30]. As the shock waves travel

through the particles, they compact and heat the nanoparticles simultaneously

to overcome the interparticle friction; the pressure exerted by the shock waves

may be as high as 11 GPa. Since the temperature and pressure are high, rapid

densification takes place by plastic flow and frictional self-heating, which causes

pressing and sinter bonding. Dense ceramic parts such as TiSi2 and TiSi5 with

nanoparticles in the size range of 30–40 nm have been prepared by this process

[31]. The kinetics of shock wave compaction is complex, and the parameters

are not well defined. These often mean compaction variations and trial-and-error

efforts must be undertaken for an unfamiliar material. Also, the heating is highly

localized.
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One advantage of shock wave compaction is that the process is effective in

maintaining small grains and uniform microstructures; it is also extremely fast and

offers high-density components. The disadvantages of shock wave compaction

are that the tooling is very specialized and expensive. Although shock wave

compaction seems to be able to maintain nanostructures during the consolidation

process, it is very difficult to control the shock waves effectively. The process

often creates microcracks in the produced samples [32].

5.2.4 Dynamic Compaction

A review is available on dynamic compaction [33]. For the process to be ef-

fective, the compaction process should move beyond the quasi-static state. This

dictates that dynamic compaction is more efficient at higher green sample den-

sities because shock wave propagation is proportional to sample density. High

density leads to better wave propagation, causing the particles to move more

closely and densify. For nanoparticle-based materials, however, this presents a

challenge since the corresponding green density is generally low, poor packing

of smaller particles causing high attenuation of the compressive stress waves.

Most of the energy input in this case is used to overcome interparticle friction. In

this case, thermal softening and interparticle melting may not occur. The effect

of plastic deformation of the compact at high strain rates and the efficiency of

high speed processing are compromised compared to micron-sized counterparts.

Nonetheless, the high pressure benefits are still favored for the same nano-sized

powder in achieving higher compact densities.

Compared to superhigh pressure compaction, the key difference for dynamic

compaction is that the high pressure is applied to the nanoparticles in a dy-

namic, instead of quasi-static, fashion. There are two different types of dynamic

compaction: explosive compaction and combustion-driven compaction.

Explosive compaction starts with nanoparticles enclosed in a thin-walled metal

tube [22]. The tube is surrounded by an explosive. When the explosive is ignited,

pressures >3 GPa can be generated. For TiN particles of 25 nm size, 80% density

is achieved by explosive compaction. SnO2 of 40 nm size is compacted under

4.5 GPa pressure to 79% relative density by a similar process [6]. Magnetic pulse

compaction is applied to 3 mol% Y2O3 stabilized ZrO2 (8 nm) and α-Fe2O3

(20–60 nm) composite with a peak pressure of 1 GPa and 60% green density is

achieved [14]. The densities of the formed components are a strong function of the

material properties. The harder the material is, the lower the density is. α-Al2O3

nanoparticle (100 nm) reinforced copper alloy is made by explosive compaction.

Three levels of explosion pressure—2 GPa, 4 GPa, and 6 GPa—are used, and the

results show that the density and hardness of the samples increase with an increase

in the explosion pressure. The most suitable explosion pressure for Cu/α-Al2O3

mixed powder is 4 GPa. Under this pressure, the sample relative density reaches

98.6% and hardness reaches 112 HV [34] (Fig. 5.3).

The shock-compaction responses of magnetic Fe3O4 nanopowders of ∼12 nm

and ∼6 nm size and their bimodal mixture (∼12 nm and ∼6 nm powders in a
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FIGURE 5.3 Cu/α-Al2O3 bulk sample under three levels of explosion pressure [34].

(Reprinted with permission from Zhao Z, Li X-J, Tao G. Manufacturing nano-alumina particle-

reinforced copper alloy by explosive compaction. J Alloys Compd 2009;478:237–239, Copy-

right 2009, Elsevier.) (For a color version of this figure, see the color plate section.)

4:1 ratio) are investigated to determine the densification behavior of nanoparticles

at impact velocities of ∼800 m s−1 and ∼1100 m s−1. The maximal densifica-

tion is ∼80% for ∼12 nm particles, ∼70% for ∼6 nm particles, and ∼75%

for the bimodal mixture particles. The compacts show the presence of a lami-

nar structure with interlayer voids and microscopic gaps between nanoparticle

agglomerates, which are responsible for the incomplete consolidation. Powder

compaction occurs by the rapid deposition of the shock energy at interparticle

regions. Heterogeneous plastic deformation of particles and the resultant local-

ized heating and partial melting lead to interparticle fusion or even solid-state

bonding. The rapid dissipation of heat from the surface to the interior of particles

during shock compaction limits the growth of grains and inhibits the decompo-

sition of metastable phases. It is much more difficult for nonmetallic or ceramic

nanoparticles to achieve high density owing to their lower ductility and plasticity

compared to metallic nanoparticles. Shock consolidation of ceramic nanoparti-

cles is limited, and only partial densification is observed. In the above example,

the Fe3O4 particle sizes grow from 6–12 nm to 10–25 nm, roughly twice that of

the original sizes [35].

Different from explosive compaction, another dynamic compaction technique

is combustion-driven compaction. Combustion-driven compaction employs a

high compaction pressure generated from a combustion gas. The setup is simple

and requires no specific field. Combustion gas (such as CH4) is stored in a gas

cylinder. During the process, the combustion gas is released into the gas chamber

and mixed with air. The mixed gases are ignited and high-velocity compressive

waves induce high pressures to form solid components. There are three stages for

combustion-driven compaction: preload stage, compaction stage, and pressure re-

lease stage. During the preload stage, the combustion gas and air create a preload,

pushing the upper ram down, precompacting the particles, and removing the en-

trapped air among the particles. During the compaction stage, an ignition stimulus

is applied, causing combustion in the gas chamber and generating a high pressure
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(1–3 GPa) within a fraction of a second; the increased pressure further compacts

the particles to a high green state. During the pressure release stage, some spring-

back gradually occurs to release compact internal stresses while avoiding cracks.

The end result is a highly compacted component created in a couple of minutes.

For B4C nanoparticles of ∼100 nm size, 60% density is achieved by combustion-

driven compaction. Sm-Co and Fe mixture nanostructured magnets are prepared

using combustion-driven compaction, which significantly reduces loss in coer-

civity. It is also possible to retain some degree of crystallographic alignment with

this compaction process [36]. For combustion-driven compaction, the equipment

has a small footprint and simple layout like a conventional compaction press. The

whole system has only one moving part during the compaction process (the upper

ram). The combustion pressure and stored elastic energy can be controlled and

released slowly to avoid cracking. Similar to other superhigh pressure compaction

techniques, one problem with combustion-driven compaction is die filling. The

low packing density of nanoparticles requires a large die volume and presents

challenges for thick samples.

In addition to the complications with nanoparticle compaction, hardness also

increases for metal nanoparticles. Although the plasticity of metals can be bene-

ficial during the compaction process, it can quickly disappear in the nanoparticle

forming process due to strain hardening. Another issue is that the dry compaction

process is mostly aimed at achieving fully dense end products after sintering.

If the objective is to obtain porous nanoparticle-based materials, compaction,

even in all its variations, often has very limited control over pore size, pore size

distribution, and porosity. In light of these limitations, there is a predicament for

simply applying high compaction pressure to nanoparticle-based materials. The

requirements of uniform green microstructure and controlled porosity/pore size

often make higher liquid content forming processes more effective.

5.3 SEMIDRY FORMING TECHNIQUES

Because of the excessive pressure demanded for nanoparticle-based material

shaping by dry processes, the inhomogeneity that is intrinsic to dry nanoparti-

cles, and the defects (voids, cracks) that can be easily created, semidry techniques

are often preferred for certain nanoparticle-based material forming. The expec-

tation is that the organic additives will alleviate the internanoparticle frictional

force and produce more homogeneous microstructures. As an additional advan-

tage, semidry processes can produce much more complicated shapes because of

the added ability to change the mold geometries. Techniques used in the semidry

shaping category include molding and extrusion. These processes are also called

plastic forming methods because the deformation of a semirigid system contain-

ing nanoparticles, solvent, and organic binders is involved. The plastic phase

content in the system is generally 40–60 vol% and mostly polymeric, especially

when the nanoparticles involved have limited or no plasticity. Water may or may

not be present depending on the system. Two requirements must be satisfied for
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plastic forming to be successful: the mixture must flow plastically for the forma-

tion of the desired shape, and the shaped article must be strong enough to resist

deformation under gravity or under stresses associated with handling.

5.3.1 Molding

Two types of processes can be discussed for nanoparticle-based molding: powder

injection molding and micromolding.

5.3.1.1 Powder Injection Molding The most obvious trait of powder injec-

tion molding is its ability to produce parts of complex shapes with high precision

and surface finish at relatively high production rates [37]. First, nanoparticles are

mixed with a binder system (usually a mixture of polymers) to create a viscous

feedstock. Then, parts are formed by injecting the powder/binder mixture into

an impermeable mold, where the binder is solidified, usually by a temperature

gradient. Comprehensive powder injection molding books have been published

[2, 38]. Binders can be selected so that the mixture fills complex mold ge-

ometries without difficulty. A binder system normally consists of the following

components: a major binder, a minor binder, a processing aid, a surfactant, and

a lubricant. The major binder controls the rheology of the feeding material and

provides strength to the green body. The minor binder facilitates the filling of the

mold and, upon being removed, creates a network of pores through which the

decomposition product of the major binder is removed more easily. The process-

ing aid reduces the glass transition temperature of the thermoplastic binders. The

surfactant improves the wetting between the particle surfaces and the polymer

melt. The lubricant reduces the interparticle and mold-wall friction. When the

binder freezes, the molded part is formed and ejected, and the injection molding

process is complete.

ZrO2 nanoparticle (12 nm and 35 nm sizes) toughened Al2O3 (180 nm size)

is injection molded [39]. Proper selection of the molding parameters not only

makes the injection molding feasible but also can refine the microstructure and

lower the sintering temperature by 100–150 K. The samples can be sintered to

full density by pressureless sintering; the Al2O3 grain size is decreased by a

factor of 2–3.

Powder injection molding is an excellent forming technique for small and

complex objects. The hydrostatic pressure associated with the process can min-

imize inhomogeneities in the molded parts. Even though the process is easily

scalable to mass production, the high organic content makes this process less

desirable for nanoparticle systems. In addition, particle packing is not enhanced

during forming since powder injection molding introduces no further particle–

particle approach within the organic matrix. Proper binder systems have to be

designed to enable efficient packing of nanoparticles to start with. Binder re-

moval must proceed at a slow rate (taking up to several days) to avoid problems

with slumping and crack formation. Since binder removal time increases drasti-

cally with the size of the green body, it is difficult, if not impossible, to produce
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parts with thick cross sections. Several factors can affect product quality for the

nanoparticle injection molding process. The small size of nanoparticles is helpful

for shape retention during binder removal because of more particle interlocking,

but the viscosity of the mixture can be much higher. In addition, the interpar-

ticle spacing scales with particle size, so binder removal can be much slower

for nanoparticles. A wide particle size distribution yields higher packing density

and higher green strength. However, particle segregation is possible, which may

result in nonuniform microstructures. The solid content of the feedstocks should

be optimized within very narrow margins. Excessive binder can lead to problems

during compounding. Too little binder can result in inhomogeneous and difficult

to granulate feedstock and the formation of voids; it would also require very high

pressure and temperature during the injection molding process.

Due to the stringent requirements in feedstocks, as well as the high technolog-

ical needs to optimize injection molding parameters and mold design, injection

molding is a sophisticated forming technique for nanoparticle-based materials.

Currently, nanoparticle injection molding is not widely practiced, possibly be-

cause of the difficulty in obtaining high solids loading nanoparticle-binder mix-

ture in the first place. In recent years, micromolding has greatly advanced. For

small, complex, and detailed components, the use of nanoparticles becomes a

must [40, 41].

5.3.1.2 Micromolding Compared to powder injection molding, scaling

down to microlevel opens a new arena for cost-effective production of microcom-

ponents. One example application is the manufacture of cutting tools with sharp

edges for machining. However, scaling down to such a level creates challenges in

starting material preparation and molding. The requirements are far more strin-

gent and necessitate additional precautions. Deagglomeration, optimization of

solids loading versus flowability, molding profile, demolding, and debinding all

need to be considered. Different from powder injection molding, micromolding

uses spontaneous capillary-driven infiltration of liquid into channels of a flexi-

ble mold to make nanoparticle-based components. It is fundamentally related to

soft lithographic molding discussed in Chapter 4 and has the potential for mass

production.

Nearly dense (>98% of theoretical density) tensile bars and 3 mm microgears

are produced using Y2O3 stabilized tetragonal ZrO2 of 50 nm size. The sintered

gear teeth are well defined and visually defect free. The microgear also yields

the same Vickers hardness as the tensile bar [42]. Figure 5.4a shows the green

and sintered tensile bars with the size relative to a paper clip. Figure 5.4b shows

the microgear attached to a plastic base. For micromolding, however, even with

good feedstock flow and complete mold filling, defects can be generated during

demolding. The adhesive force between the feedstock and the microcavities

can exceed the material strength, resulting in incomplete demolding. A proper

mold should be used to ensure complete filling of the microfeatures and high

green strength from molding. Aqueous and ethanol-based suspensions of TiO2

nanoparticles are micromolded into polydimethylsiloxane (PDMS) molds. The
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(a) (b)

FIGURE 5.4 Photographs showing (a) green and sintered tensile bars and (b) green micro-

gear with attached plastic gear base for ease of ejection. Specimen size is visually compared

to a paper clip [42]. (Reprinted with permission from Yu PC, Li QF, Fuh JYH, Li T, Ho PW.

Micro injection molding of micro gear using nano-sized zirconia powder. Microsyst Technol

2009;15:2009:401–406, Springer Science + Business Media, Fig. 5.)

particle size is about 20 nm and the solids loading is only 2 vol%. The mold

channels have 23 µm width and 5.3 µm depth. To make uniform, thick films from

low solids loading suspensions, the suspensions must spontaneously concentrate

in the mold as a result of inflow of the suspensions from the entrance along with

solvent evaporation from the exit of the mold. Therefore, suspension preparation

is important. By comparing the uniformity of the fabricated samples and the

particle distributions of the suspensions, it shows that the condition required for

uniform patterning over a wide area is well-dispersed nanoparticles without any

agglomerate formation [43].

A direct micromolding method for patterning gold nanoparticle structures us-

ing a PDMS stamp is reported. The method involves in situ synthesis of Au(I)

dodecanethiolate, decomposition of Au(I) dodecanethiolate leads to gold

nanoparticles in the microchannels of the stamp, and self-ordering of gold

nanoparticles leads to the formation of patterned nanostructure stripes in confor-

mity with the stamp geometry. Dodecanethiolate is made by reacting Au(PPh3)Cl

and dodecanethiol in situ inside the microchannels by injecting first the former

solution into toluene at room temperature followed by the thiol solution at 120◦C.

Annealing the reaction mixture at 250◦C results in the formation of gold nanopar-

ticles (with a mean diameter of 7.5 nm) and hexagonal ordering. When an external

pressure is used during molding, parallel stripes with sub-100 nm widths are ob-

tained (Fig. 5.5). The injection temperature and the concentrations of the thiol
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FIGURE 5.5 (a) Scanning electron image showing patterned gold nanoparticles formed by

thermolysis at 250◦C for 30 minutes with the energy dispersive spectroscopy data from the

patterned region overlaid. Magnified views are shown in (b) and (c), and (d) shows a histogram

the size of the gold nanoparticles from (c) [44]. (Reprinted with permission from Radha B,

Kulkarni GU. Micro- and nanostripes of self-assembled Au nanocrystal superlattices by direct

micromolding. Nano Res 2010;3:537–544, Springer Science + Business Media, Fig. 3.)

solution are important if an ordered structure is to be obtained. In addition, these

parameters can be varied as a means to control the nanoparticle size [44].

Gold and platinum nanoparticles (>100 nm size) and a molding process are

used to fabricate two- and three-dimensional patternable structures with a height-

to-width ratio up to 10:1. By means of this process, a neural stimulation circuit,

including electrode, connection trace, and contact pad, is fused into one continu-

ous, integrated structure where different sections have different heights, widths,

and shapes. The approach involved is suitable for mass production, and the fabri-

cated electrode is robust and flexible [45]. The molded structures exhibit excellent

flexibility, robustness, and durability, and their conductivities are close to what

is found in bulk materials. The molded structures can be released onto a thin,

flexible, and biocompatible substrate. The molded gold and platinum electrodes

outperform their sputtered thin-film counterparts in all aspects of electrochemical



SEMIDRY FORMING TECHNIQUES 277

properties: lower electrode impedance, higher charge storage capacity, and lower

voltage excursion.

Since micromolding involves introducing an “ink” into defined microchannels

and evaporating the solvent, it is considered more efficient and therefore has been

widely employed in patterning a variety of materials. However, using micromold-

ing methods to produce nanoparticle patterns is a challenging task. If one starts

with a premade sol, the particle–particle and particle–mold surface interactions

dictate the nanoparticle organization, which is usually discontinuous over larger

areas. Cracks and defects are also problems that need to be addressed.

5.3.2 Extrusion

5.3.2.1 Microextrusion Extrusion is a desirable technique to produce com-

ponents with complex and two-dimensional shapes but consistent cross sections.

Example applications are catalyst supports, capacitor tubes, and microelectronic

substrates. The feeding material is similar to that used in powder injection mold-

ing. The green body must have high particle loading and sufficient strength.

The binder is generally selected from medium or high viscosity grade polymers,

which can deform under a shear force at ambient temperatures. During extrusion,

a nanoparticle–organic mixture is shaped by being forced through a nozzle in a

piston extruder or a screw-fed extruder. The piston extruder consists of a barrel,

a piston, and a die. A flow in which the velocity is independent of the radius

of the tube is desirable, although a differential flow with a central plug is of-

ten encountered. In a screw-fed extruder, the screw mixes the nanoparticles and

other additives into a homogeneous mass and pushes the mixture into the die.

The screw must provide appropriate pressures for every section of the extruder.

The flow pattern of the feeding material through the extruder affects the quality

of the formed article.

Even though extrusion is best used for complex but consistent cross-sectional

objects, the advancement of nanoparticle processing has enabled the realization

of some very unconventional shapes. High strength (1270 MPa) and toughness

(>9 MPa m1/2) Al2O3 ceramics (toughened by ZrO2) with a helical spring shape

are produced from sol-derived pastes comprising a mixture of 40 nm boehmite

(γ -AlOOH) and 30 nm ZrO2 particles [46]. Generally, components with a helical

spring shape are considered to be the most difficult to produce because of the

brittle nature of particle-based systems. The sol-derived γ -AlOOH and ZrO2

nanoparticles, however, are truly plastic in nature. The springs have no cracks

after drying or even sintering at 1450◦C for 4 hours. Other complicated shapes

include ceramic tubes (a wall thickness of 2 mm and an external diameter of

8.0 mm) with tightly controlled bends from 50 nm γ -AlOOH particles (Fig. 5.6)

[47]. Extrusion is also used for the consolidation of metallic nanoparticles at

room temperature. A load is applied to a particle-filled can in the inlet channel

and the billet is deformed (consolidated) as it passes through the shear zone and

is extruded from the horizontal channel. The process works at lower temperatures

than hot isostatic pressing (see Chapter 6). A tensile strength as high as 800 MPa
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FIGURE 5.6 Photo images of boehmite (γ -AlOOH) tubes with a helical shape (γ -AlOOH

has 50 nm particle size): (a) green structure after air drying for 1 day and (b) sintered mi-

crostructure after sintering at 1500◦C for 2 hours [47]. (Reprinted with permission from Kaya

C, Blackburn S. Extrusion of ceramic tubes with complex structures of nonuniform curvatures

made from nano-powders. J Eur Ceram Soc 2004;243:3663–3670, Copyright 2004, Elsevier.)

and a tensile ductility as high as 7% are achieved for 100 nm size copper particle

consolidates, which are >1.5 cm in diameter and 10 cm in length. Extrusion

is also used to consolidate 316L stainless steel nanoparticles, resulting in bulk

samples with 1180 MPa tensile strength and 4% ductility [48].

With improved control in the extrusion process, fine and textured microstruc-

tures can be produced by repeated coextrusion. The requirements for a successful

coextrusion are rheological property match of the feeding materials and precise

control of extrusion parameters. Kaya and Bulter reported the coextrusion of a

two-phase 40 nm Al2O3/30 nm ZrO2 material, which is then reextruded multi-

ple times to reduce the widths of the phases and thus obtain an aligned biphase

structure down to 62.5 µm [49]. First, the Al2O3 and ZrO2 plastic mixture is co-

extruded in parallel. Then, the coextrudates are layed-up in close-packed linear

array to form a heterogeneous macro-plug for subsequent extrusion. The first-

stage reextrusion produces a filament of 1 mm size; the second-stage reextrusion

produces a filament of 250 µm size; and the third-stage reextrusion produces a

filament of 62.5 µm size.

Similar to the molding processes, high nanoparticle solids loading and a suit-

able combination of different binders are the prerequisites for successful extru-

sion. If the nanoparticle solids loading is low, the extruded component can be

weak. The disadvantages of extrusion are possible separation of the liquid and
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the solid phases of the mixture, poor knitting of the plastic mixture, and tearing

around the component edge. Modifying the mold or increasing the plasticity of

the mixture can improve the situation. Microscopic defects include pores caused

by trapped air. The high binder content necessary for the process is expensive

and sometimes difficult to be removed. Even though extrusion can be adapted to

produce niche nanoparticle-based materials, the challenge is also tremendous for

making a quantum leap in the nanoparticle material area. Overall, extrusion has

not been a widely used technique for nanoparticle-based materials.

5.3.2.2 Electrospinning A variation in extrusion is to use an electric field

to spin polymeric solutions out of an orifice and form nanoparticle-based or

nanoparticle-containing wires, fibers, and filaments. This process is well known

in the polymer community as electrospinning. An illustration of a general electro-

spinning setup is shown in Figure 5.7 [50]. In this technique, fibers are extruded

from a polymer solution using electrostatic forces; the fibers are often collected as

mats. Via carefully selected solvents, polymer(s) and metal precursors can form

a homogeneous mixture solution, which can be electrospun to form composite

nanofibers. The use of nanoparticle-based materials is a recent development. The

fiber diameter is mostly in the range of hundreds of nanometers to microns, even

though diameters down to tens of nanometers and lengths up to several centime-

ters have been demonstrated. Although electrospinning has been used mainly

for the fabrication of polymeric nanofibers, nanofibers incorporated with metal

nanoparticles and oxide nanoparticles have also received considerable interest

because of their potential applications in areas including photovoltaic devices,

Solution Aluminum foil

High-voltage supply

FIGURE 5.7 Illustration of the basic setup for electrospinning [50]. (Reprinted with per-

mission from Fan H-T, Xu X-J, Ma X-K, Zhang T. Preparation of LaFeO3 nanofibers by elec-

trospinning for gas sensors with fast response and recovery. Nanotechnology 2011;22:115502,

7pp, 2011, IOP Publishing Ltd.)
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(a) (b)
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FIGURE 5.8 (a) Scanning electron image of Pd/carbon nanofiber nanocomposites, (b) high-

magnification scanning electron image of Pd/carbon nanofiber nanocomposites, and (c) trans-

mission electron image of Pd/carbon nanofiber nanocomposites [51]. (Reprinted with

permission from Huang J, Wang D, Hou H, You T. Electrospun palladium nanoparticle-loaded

carbon nanofibers and their electrocatalytic activities towards hydrogen peroxide and NADH.

Adv Funct Mater 2008;18:441–448, John Wiley & Sons.)

piezoelectric materials, gas sensors, and solar cells. Metal precursors in the elec-

trospun composite nanofibers can also convert to metal nanoparticles by UV

irradiation or hydrolysis treatment.

Palladium nanoparticle-loaded carbon nanofibers are synthesized by electro-

spinning and thermal treatment [51]. Spherical palladium nanoparticles are well

dispersed on the surfaces of carbon nanofibers or embedded in carbon nanofibers.

A cubic palladium phase forms during the reduction and carbonization processes,

and the presence of palladium nanoparticles promotes the graphitization of car-

bon nanofibers. Figure 5.8a shows that the as-prepared carbon nanofibers have a

diameter ranging from 200 to 500 nm with tens of micrometers in length. Fig-

ure 5.8b shows the presence of palladium on the surface and inside of the carbon

nanofibers. Figure 5.8c shows that spherical palladium nanoparticles with a mean

diameter of about 73 nm are well-dispersed in the carbon nanofibers.

Metal oxide nanofibers are prepared by electrospinning a metal salt precur-

sor solution in the presence of a proper polymer, followed by calcination to

decompose the polymer completely and turn the metal salt into metal oxide.

Anatase TiO2 nanofibers are fabricated directly by electrospinning and sol–gel

techniques. The polymeric nature of the sol enables the electrospinning process
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[52]. ZnO nanofibers and nanoparticles are made through electrospinning of zinc

acetate/cellulose acetate precursor solution in N,N-dimethylformamide/acetone

mixed solvent. Depending on the calcination of the precursor zinc acetate/

cellulose acetate composite nanofibers, the mean diameters of the ZnO nanofibers

and nanoparticles are ∼78 and 30 nm, respectively [53]. LaFeO3 nanofibers are

also successfully prepared by the electrospinning method. The fibers have a cu-

bic crystal structure. After calcination at 600◦C for 3 hours, the diameters of

the nanofibers are about 80–90 nm and their surfaces are smooth. The response–

recovery properties of the LaFeO3 nanofiber sensor to ethanol are better than those

of the LaFeO3 nanobelt or nanoparticle sensor [50]. Figure 5.9 shows electron

images of the LaFeO3 nanobelts and LaFeO3 nanoparticles. As shown in Figure

5.9a, there is no obvious difference in the overall morphologies of the La(NO3)3/

Fe(NO3)3/PVP composite nanobelts. The surfaces are smooth with a width of

1–3 µm and a uniform thickness of 200 nm. Figure 5.9b shows that the widths of

the nanobelts become smaller after calcination, ranging from 500 nm to 1 µm.

Figure 5.9c shows that the sizes of the LaFeO3 nanoparticles prepared by the

sol–gel method are about 30 nm; agglomeration is also observed in the sample.

(a) (b)

(c)

FIGURE 5.9 (a) Scanning electron image of La(NO3)3/Fe(NO3)3/PVP composite nanobelts,

(b) scanning electron image of LaFeO3 nanobelts calcined at 600◦C, and (c) scanning electron

image of LaFeO3 nanoparticles [50]. (Reprinted with permission from Fan H-T, Xu X-J, Ma

X-K, Zhang T. Preparation of LaFeO3 nanofibers by electrospinning for gas sensors with fast

response and recovery. Nanotechnology 2011;22: 115502, 7pp, IOP Publishing Ltd.)
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A hybrid method that integrates the processing capabilities of the twin-

screw extrusion process (conveying solids, melting, mixing, pressurization,

temperature profiling, devolatilization) with electrospinning is developed. The

hybrid process is especially suited to the dispersion of nanoparticles into

polymeric binders and the generation of nanoparticle-incorporated nanofibers.

This is demonstrated by the dispersion of β-tricalcium phosphate (Ca3(PO4)2)

nanoparticles into poly(ε-caprolactone (C6H10O2)) to generate biodegradable

nonwoven meshes that can act as scaffolds for tissue engineering applications

[54]. Carboxymethylcellulose, water, and Al2O3 nanoparticle gels are extruded;

the twin-screw extrusion process generates more homogeneous mixtures of

nanoparticles than intensive batch mixing technique, and the use of surfactants

further improves the homogeneity. With increasing homogeneity, the suspension

exhibits lower elasticity and shear viscosity [55].

5.4 WET FORMING TECHNIQUES

As discussed in the dry forming section, the excessive surface area intrinsic

to nanoparticles serves as one of the most striking advantages and disadvan-

tages for nanoparticle-based bulk material forming. Because of the natural ten-

dency of nanoparticles to form agglomerates and poor packing behaviors at dry

state, wet forming has become the most active research area. For almost all the

nanoparticle-based wet forming processes, the first step is to produce a stable

suspension, known as a colloid. Colloidal stabilization of nanoparticle-based

systems is generally achieved through three mechanisms: electrostatic stabiliza-

tion, steric stabilization, and electrosteric stabilization. Also, most of the systems

involve inert materials such as oxide nanoparticles; metal and semiconductor

nanoparticles are less commonly used. With a stable nanoparticle suspension, a

spectrum of wet forming processes can be utilized to produce uniform nanos-

tructures. The shaping techniques include pressure casting, tape casting, freeze

casting, gel casting, and electrophoretic deposition.

5.4.1 Colloidal Suspension

Since most of the colloidal processing of nanoparticles is for oxides,

the Derjaguin–Landau–Verwey–Overbeek theory (DLVO theory) continues to

provide the fundamental basis for understanding nanoparticle interactions and

comparing the relative effect of interparticle attraction and repulsion. Most

nanoparticles exhibit a net electrodynamic attraction to one another due to os-

cillating dipoles when dispersed in a polar solvent such as water, commonly

referred to as van der Waals forces. A net surface charge thus results. With a

change in the pH or electrolyte of the suspension, the nanoparticle surface charge

can change sign. For example, Al2O3 has positive net surface charge at low

pH and negative surface charge at high pH with the isoelectric point at 8.7 in

pure H2O [56, 57]. When the pH of the suspension is adjusted with the aim of
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FIGURE 5.10 Different mechanisms of nanoparticle interaction and stabilization: (a) elec-

trostatic stabilization, (b) steric stabilization, and (c) electrosteric stabilization. (For a color

version of this figure, see the color plate section.)

modifying the nanoparticle surface charge and thus the interparticle interactions,

the stabilization mechanism is called electrostatic stabilization (Fig. 5.10a). Also,

polyelectrolytes (polymeric species with functional groups) can be introduced

into colloidal systems. If the suspension is properly tailored, one end of the poly-

mer species adsorbs onto the particles and the other end of the polymer species

extends into the liquid, causing the particles to physically repel one another;

this interaction can stabilize the nanoparticle suspension by steric stabilization

(Fig. 5.10b). If the adsorbed polymer is ionic, it generates strong electrostatic

forces while polymer chains repel one another [58]; this method of colloidal

stabilization is called electrosteric stabilization (Fig. 5.10c) [59].

For most inorganic nanoparticles (metal, ceramic, and semiconducor), a stern

and a Helmholtz double-layer configuration forms around a particle surface when

dispersed in a polar solvent (mostly water) because of surface hydrolyzation. This

attribute lays the foundation for colloidal particle stabilization in suspensions

by electrostatic repulsion in order to counter the van der Waals attraction that

is always present. The DLVO theory, which involves van der Waals attractive

forces and electrostatic interactions from the electrical double layer, is one of the

basic tools to evaluate the potential barrier between particles in aqueous media.

The DLVO interaction potential between particles, UDLVO(r), can be expressed

as [60]

UDLVO(ra−a) =
Z∗

1 Z∗
2e2

εm

(

eka1

1 + ka1

)(

eka2

1 + ka2

)

e−kT

ra−a

, (5.2)

where Z1
∗ and Z2

∗ are the charges on two particles of radius a1 and a2, e is the

electronic charge, ε is the static dielectric constant of the medium, and ra–a is the

interparticle separation distance. The Debye length, 1/κ , is given by

1

k
=

√

4πe2

εmkT
(np Z∗ + ni), (5.3)
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where k is Boltzmann’s constant, np is the particle number density, and ni is

the ionic concentration. The force between particles, neglecting all but nearest

neighbor interactions, from the derivative of the DLVO potential with respect to

interparticle distance ra–a is

F(ra−a) =
−Z∗

1e · Z∗
2e

εm

(

eka1

1 + ka1

)(

eka2

1 + ka2

)(

1 + kra−a

r2
a−a

)

e−kra−a . (5.4)

Based on Equation (5.4), the attractive force can be modulated by adjusting

the particle size, particle number density in the suspension, ion concentration,

and dispersion medium dielectric constant.

Nanoparticle interactions can be modified by increasing the magnitude of

the repulsion between nanoparticles through lowering the ionic strength of the

suspension. In the case of submicron sized particles, this is relatively easy to do by

adjusting the electrical double layer, which can be tuned by the surface potential of

particles and the counter ion concentration. However, in the case of nanoparticles,

this is difficult to achieve only by the DLVO interactions because of the small

potential barriers between nanoparticles. This can be understood by examining

a hypothetic particle suspension with 1.0 mM counter ion concentration. Based

on theoretical calculation, when the particle size and the surface potential are

100 and 88.5 mV, respectively, a large normalized potential barrier (total potential

normalized by kT) of UDLVO(ra–a)/kT > 30 is calculated. This UDLVO(ra–a)/kT
value is large enough to prevent the particles from flocculating. On the contrary,

when the particle size is reduced to 30 nm with the same surface potential value,

the normalized potential barrier reduces to UDLVO(ra–a)/kT < 10. In this condition,

the particles will flocculate. In order to obtain a large potential barrier, such as

UDLVO(ra–a)/kT > 30, for 30 nm nanoparticles, it is necessary to increase the

surface potential up to 177 mV [61].

From a different perspective, the adsorption of polymers onto nanoparticle

surfaces is a strong function of particle surface charge and polymer chain length

[56, 58, 62, 63]. As particle size decreases to nanoscale, polymer chain length

needs to be substantially decreased. Long chains take up volumes that are needed

for nanoparticle dispersion and cause undesirable chain entanglement. This can

even lead to the need for smaller-sized organic molecules instead of polymers.

The way a polymer adsorbs onto a particle surface depends on the chemical

nature of the polymer chain, the nature of the particle surface, and the dispers-

ing medium. Polymers typically adsorb at random points along their backbones,

rarely do they collapse onto the particle surface by sacrificing entropy in the

transition from three to two dimensions. Instead, the adsorbed chain consists of a

collection of trains, loops, and tails. The interaction between particles and poly-

mer chains has been described considering both electrostatic and steric effects.

Besides the van der Waals and electrostatic interactions between the particles,

steric stabilization should still be present. Both mixing and steric repulsion en-

ergies can be involved. If the adsorbed layer thickness is LA, there is no steric
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interaction between the two particles when the particle center-to-center distance

h is > 2LA. For the interactions between the adsorbed organics in the region

LA < h < 2LA, the mixing interaction energy Emix(h) is [64, 65]

Emix(h) =
32πkTa

5ν

V 2
f

L4
A

(

1

2
− χ

)(

LA −
h

2

)6

, (5.5)

where Vf is the average volume fraction of polymeric molecules in the adsorbed

layer, νm is the molecular volume of the dispersing medium, and χ is the Flory–

Huggins parameter. At small particle–particle separation (h < LA), polymer

segment density can be assumed to be uniform, and the contributions from the

elastic and mixing interactions are given by

Emix(h) =
4πakTL2
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where Eelastic(h) is the elastic interaction energy, ρ is the density of the polymer,

and Mw is the molecular weight of the polymer species [65]. The only factor that

substantially affects the steric interaction energy is the adsorbed polymer layer

thickness LA, which is directly determined by the size of the adsorbed polymer

species.

Even though it is desirable to use only the electrostatic stabilization mecha-

nism to create stable nanoparticle suspensions, this is not always feasible. When

polyelectrolytes are used to stabilize suspensions, a delicate balance must be

maintained in the relative amount of the nanoparticles and the dispersant in the

system. The adsorbed polymer must have a thick enough layer on the nanopar-

ticle surface to prevent particle–particle close contacts and counteract the van

der Waals attractive forces between particles. This means that there must be

enough polymer present to provide good coverage of the nanoparticles. Insuffi-

cient coverage will cause polymer chains to “bridge” the gap between particles,

resulting in bridging flocculation [66]. However, as the adsorption of the poly-

mer dispersant increases, the attraction between the free polymer chains and

the nanoparticles also decreases. This results in a barrier for further disper-

sant adsorption. A suitable amount of excessive dispersant is needed to attain
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saturation adsorption. If the dispersant amount is increased further, the non-

adsorbed free polymer will flocculate the suspension; this is known as deple-

tion flocculation [67]. The amount of the adsorbed polymer needed to attain

nanoparticle surface saturation and stable dispersion is dependent on the particle

size, the polymer dispersant, the nanoparticle solids loading, and the pH of the

system. For example, the saturation level of sodium poly(methacrylic acid) in

submicron Al2O3 suspension decreases by a factor of 2 when pH is increased

from 8.2 to 9.8 [58].

The high excluded volume around nanoparticles originating from the electric

double layer or polymer layer adsorbed onto the surface to prevent agglomeration

often results in very high viscosity suspensions for solid loading levels even

lower than 15 vol% [68]. Another reason for the high viscosity of nanoparticle

suspensions is the increase in electrolyte concentration associated with the high

surface area of nanoparticles. A polymer dispersant may be necessary for a well-

dispersed suspension to be created. However, the polymer necessarily occupies

space, which decreases the maximum solids loading of the suspension and thus the

highest green density of nanoparticle samples. Too short a polymer chain yields

a thin adsorption layer, resulting in flocculation due to van der Waals attraction,

while too long a chain results in a dramatically decreased maximum solids

loading. The exact achievable solids loading is dependent on the nanoparticle

size, shape, and size distribution as well as the length and morphology of the

polymer chains. The polymer dispersant type is also of critical importance for

effective dispersion and the maximum solids loading. The pH of the suspension

must be controlled to prevent imparting an attractive force between particles

since the dispersant efficiency is dependent on the steric mechanism as well as

the electrostatic mechanism. Use of ammonium poly(methacrylic acid) (PMAA-

NH4) as a dispersant shifts the isoelectric point of the Al2O3 system from 9.14 to

5.65 [69]. The positive surface charge of the Al2O3 particles attracts negative ions

from the polymer. The net charge of the system is reversed due to the adsorption

of the negatively charged polymer. Since the negative surface charge of PMAA-

NH4 polymer dominates the electrical charge of the suspension, the pH needs to

be purposely adjusted to alkaline conditions for a well-dispersed suspension.

Rheology is a valuable tool for probing the van der Waals, electrostatic, and

steric forces at the nanoscale [70, 71]. With regard to rheological properties,

viscosity measures the flowability of a suspension and provides guidance on how

easily two nanoparticles pass each other in a suspension. The Krieger–Dougherty

equation has been used to provide good estimates between the solids loading and

the suspension viscosity [72]:

ηr =
η

η0

=
(

1 −
φeff

φmax

)−nφmax

, (5.8)

where ηr is the relative viscosity, η is the suspension viscosity, η0 is the viscosity of

the suspension medium (in most cases, water), φeff is the effective solids loading,
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φmax is the maximum solids loading (∼0.64), and n is a constant representing the

intrinsic viscosity of the suspension. When a polymer dispersant is adsorbed onto

nanoparticle surfaces, the effective solids loading can be substantially increased

while the nanoparticle content remains the same:

φeff = φ

(

1 +
δ

ap

)3

, (5.9)

where φ is particle solids loading, δ is polymer adsorption layer thickness, and

ap is nanoparticle size. This effective solids loading increase is due to the ad-

sorbed polymers on particle surfaces and will undesirably lead to suspensions of

high viscosities. For high solids loading suspensions, the polymer concentrations

must be controlled with much more care for nanoparticle suspensions than for

submicron-sized particle suspensions [73]. Due to the decrease in size for many

components and features demanded by miniaturization, the suspension must flow

into smaller molds and fill in the complex details or cavities of the molds eas-

ily. Intuitively, a higher solids loading means a more viscous suspension and

increased difficulty in flow. However, high solids loading is necessary to obtain

a high green density part. A balance must be achieved to address these opposite

demands.

Based on particle packing principles, if nanoparticles are perfectly round,

uniformly sized, and there are no interparticle sliding and packing hindrances

such as friction, the random dense packing model yields a density of 64% [74].

However, nanoparticles may have irregular shapes and often large specific surface

areas that adsorb a large amount of dispersant, which can quickly reduce the

particle packing efficiency based on Equation (5.9). When an excessive amount

of dispersant is used, some polymer chains stay free in the suspension, which

further decreases the achievable maximum solids loading. Liu showed that most

of the equations describing particle packing-viscosity behavior at a high strain

rate (∼100 s−1) follow the simple form of

1 − η
− 1

n
r = a′ · φ + b′, (5.10)

where a′ and b′ are constants. Assuming nanoparticle suspensions follow Equa-

tion (5.10), the viscosity of the suspensions under different solids loading levels

can be used to extrapolate the theoretical maximum solids loading at the point

where viscosity is infinite [75]. For example, the maximum solids loading at

pH 9.5 and 2.0 wt% of Al2O3 nanoparticle (average size of 27.5 nm) PAA con-

centration suspension can be predicted based on the viscosity at lower solids

loading levels and is found to be 54.4 vol%.

Nanoparticle colloidal processing has the potential to ultimately eliminate the

problematic particle–particle attraction issues arising from the excessive surface

area of nanoparticles and the resulting agglomeration. This is an area that great

progress can be made as a precursor for nanoparticle wet forming. A suspension
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can be tailored to codisperse multicomposition nanoparticles and drastically dif-

ferent shapes (such as equiaxed nanoparticles and large aspect ratio nanotubes).

The necessary effort is to tailor the particle–particle interaction energy to achieve

high solids loading suspensions. If the nanoparticle solids loading can be achieved

at ≥30 vol%, the resultant green samples should have high enough integrity for

further processing.

5.4.2 Pressure Casting

5.4.2.1 Slip Casting Slip casting is one of the oldest wet forming processes

that relies on capillary pressure to remove the dispersing medium, which is often

times water. Applying this well-developed technique to nanoparticle systems

is a natural outgrowth of particulate processing. In slip casting, a stabilized

nanoparticle suspension is poured into a porous plaster of Paris mold to achieve

a predetermined shape [76]. Water in the suspension is absorbed into the porous

mold by capillary pressure, leaving a nanoparticle cast in the mold. When the

mold and the cast are left to dry, the cast shrinks and separates from the mold.

Slip casting is capable of producing complex shapes, even undercuts. Because

of the relatively rapid formation of the cast layer, slip casting is well suited to

making parts with large cavities. Large solid components can also be made by

slip casting, although the drying process can be very long and challenging. For

nanoparticle-based bulk materials, the pores in the cast can be very small. This

can lead to an extremely long time for thick wall formation, which can impose

a lower degree of freedom in component size and wall thickness; sometimes,

particle size segregation occurs during the cast forming process.

The stability of the colloidal suspension strongly affects the microstructure of

the cast. If the suspension is flocculated, the cast will be highly porous. If the

suspension is well dispersed, the cast will be relatively dense. The number of

species and the dispersibility of different nanoparticles also affect the uniformity

and dimensional fidelity of the slip cast sample. If one species settles faster than

the other, a composition gradient may be created. As the cast forms, a pressure

gradient is developed through the wall of the mold and the cast; therefore, an

optimal cast thickness exists, after which additional consolidation will take a

long time. The pressure generated is dependent on the particle size. As particle

size decreases, pore size decreases, and capillary pressure increases. However,

the permeability of water into the mold also decreases. There is an optimum

particle/pore size for each system. When the particle size is too small, it will take

a long time to form a desired thickness. In this regard, nanoparticle suspension

slip casting is not very suitable for thick objects.

Suspension characteristics are important for slip casting. Several Al2O3 sus-

pensions with the same viscosity (but different solids loading and different par-

ticle size (11, 44, 190, and 600 nm)) are prepared and shaped into solid bodies.

The green and sintered densities range between 30–67% and 63–99% of the

theoretical values, respectively. These values, together with the microstructures,

show that the solids loading of the suspensions and the characteristics of the
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nanoparticles have a direct impact on the solid sample properties. Based on both

processability (rheological behavior) and microstructure (density and grain size),

particles of 100–300 nm are desired for preparing concentrated suspensions with

low viscosity and sintered bodies with density close to the theoretical value [68].

A well-dispersed suspension is also very important for successful slip casting

[77]. This is demonstrated by the slip casting of 3 mol% Y2O3 stabilized ZrO2

particles of 9–18 nm size. Well-dispersed ZrO2 nanoparticles can be slip cast to

∼51% green density, while agglomerated ZrO2 nanoparticles can only be slip

cast to 46% density. Interestingly, the undesirable segregation behavior of a wide

particle size distribution can be used to its advantage. Utilizing the segregation

tendency of an unstable suspension under gravity, Al2O3 particle suspensions are

slip cast and layers of continuously varying particle sizes from 50 to 250 nm are

deposited to make functionally gradient Al2O3 bioceramics [78].

5.4.2.2 Uniaxial Pressure Casting To overcome the slow cast forming

issue in slip casting, uniaxial pressure casting is widely practiced. Uniaxial pres-

sure casting is a modified version of slip casting, more accurately a hybrid of

slip casting and uniaxial pressing (Fig. 5.11). During uniaxial pressure casting,

a pressure is applied in the liquid permeation direction to accelerate the casting

rate and dispersing liquid removal. For this technique, the plaster of Paris molds

have to be changed to plastic or metal molds to endure the high pressure. A

filter paper or a membrane is placed at the bottom of a perforated die, and a

pressure is applied to the suspension by a piston. A cast layer is formed on the

filter, which must be permeable for water to be removed. Kaya and Butler used

30 nm α-Al2O3 obtained from γ -AlOOH sols seeded with 30 nm TiO2 particles

for uniaxial pressure casting [79]. The process resulted in 68.5% green density,

which is very impressive for nanoparticle systems. The advantages of uniaxial

pressure casting over slip casting are a faster casting rate and smaller floor space

for the setup. The disadvantages are springback, possible cracking upon pressure

release, sucking back of the dispersing liquid, and expensive dies.

FIGURE 5.11 Uniaxial pressure casting setup illustration. (For a color version of this figure,

see the color plate section.)
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5.4.2.3 Spin Casting Spin casting is another version of pressure casting

that uses the centrifugal force from a rotor to accelerate the deposition of the

particles in the radial direction. This forming method combines the advantages of

wet forming with a centrifugal force to produce near-net-shape parts. There are

two advantages in using spin casting: (1) acceleration of the casting process by

applying a centrifugal force and (2) creation of layers of particles with different

sizes and thus a graded porous structure or a compositionally graded structure

by deposition of mixed composition suspensions. For the first case, 3.0 mol%

Y2O3 stabilized ZrO2 ceramic parts are produced. Good particle packing with

narrow pore size distributions is achieved. Green densities up to 57% of theoretical

density are obtained [80]. For the second case, spin casting tends to apply more to

a particle size population that includes submicron or even micron-sized particles.

The spread in particle sizes may be three orders of magnitude: more than 1 µm in

the lower layers and several nanometers in the upper layers to produce the intended

results [81]. Particle sizes become increasingly smaller as the cast layer thickness

increases. Compositionally graded Al2O3–ZrO2 composites are produced with

nearly linear variation in compositions. The composition profile can be varied by

using ZrO2 particles of different size ranges or varying contents.

An external field can be utilized to change the nanoparticle arrangement dur-

ing spin casting. Colloidal suspensions of cobalt nanoparticles of 11 nm size

are deposited by spin casting in parallel, perpendicular, and gradient magnetic

fields. A uniform layer of cobalt nanoparticles forms, but no long-range order

is observed. However, when the suspension is dried in a magnetic field, large

and three-dimensional cobalt aggregates are formed. When the suspension is

deposited in a perpendicular magnetic field varying along the silicon substrate

surface, a stripe structure is observed. Different cluster formations are found

within and outside of the stripes. Within the stripes, clusters of uniform size and

random distribution, consisting of several hundreds of cobalt nanoparticles, are

observed. When a gradient magnetic field is applied, long-range movement of the

magnetic particles on the substrate surface occurs [82]. Figure 5.12 shows scan-

ning electron images of cobalt nanoparticles deposited by casting in an external

magnetic field, H = 0.4 T, applied parallel and perpendicular to the substrate

surface (Fig. 5.12a and b), and in a gradient magnetic field perpendicular to the

substrate surface (Fig. 5.12c). For a concentrated solution dried in a parallel mag-

netic field, elongated clusters of various sizes are formed (Fig. 5.12a). For the

deposit in perpendicular magnetic fields, a dense array of regular rods of ∼1 µm

diameter and 6 µm length oriented almost perpendicularly to the substrate surface

is observed for concentrated solutions (Fig. 5.12b). For diluted solutions, the rods

are smaller with various orientations to the substrate surface. The clusters and/or

rods observed are agglomerates of hundreds of such cobalt nanoparticles. When

a perpendicular magnetic field with in-plane gradient is used to deposit cobalt

nanoparticles, formation of stripes with a width depending on the suspension

concentration is observed (Fig. 5.12c). In a gradient magnetic field, the magnetic

particles move on the substrate surface along the field gradient until the solution

dries; in this way, the stripes are formed.
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(a) (b) (c)

FIGURE 5.12 Scanning electron images of cobalt nanoparticles deposited onto a (100)

silicon substrate in an external magnetic field: (a) H = 0.4 T, parallel to the substrate surface;

(b) H = 0.4 T, perpendicular to the substrate; and (c) varying magnetic field perpendicular

to the substrate (max 0.5 T) [82]. (Reprinted with permission from Leo G, Chushkin Y,

Luby S, Majkova E, Kostic I, Ulmeanu M, Luches A, Giersig M, Hilgendorff M. Ordering of

free-standing Co nanoparticles. Mater Sci Eng C 2003;23:949–952, Copyright 2003, Elsevier.)

The strength of pressure casting lies in the ability to produce complex shapes

and the less stringent requirements on suspension solids loadings. Microstructural

defects in the green bodies may include large voids caused by air bubbles in

the suspension and segregation caused by different particle sizes. Low viscosity

decreases cast formation time and is usually indicative of a well-dispersed system.

Agglomeration in the cast can lead to rapid pressure drops and decrease the density

of the cast. Increasing the solids loading of the suspension tends to decrease

cast formation time. However, the permeation of a dispersing liquid through a

very dense cast layer can be poor. A balance is needed between microstructure

and processing time, which can possibly be achieved by leaving the suspension

partially flocculated.

5.4.3 Tape Casting

Unlike pressure casting, which forms solid samples from nanoparticle suspen-

sions by separating the dispersing medium out, tape casting (also called doctor

blade casting) retains suspension solid contents (nanoparticles and binder(s))

during shaping by evaporating the dispersing media. A detailed description of

the traditional tape casting process has been described [83]. To make tapes with

a desired density, a suspension with a reasonably high solids loading and a low

viscosity is essential. High amounts (as much as 10%) of binders and plasticizers

may be necessary in addition to the dispersant to impart the necessary compliance

for the tape sheet. Tape casting is realized by spreading the nanoparticle suspen-

sion over a surface. A doctor blade is used to level the suspension to a constant

thickness to form a sheet. The solvent is then evaporated, leaving a tape consisting
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of particles and binders. Usually the solvent is a volatile organic compound such

as trichloroethane. This solvent removal process actually serves as an effective

means of improving the relative density of the dried tape by inducing shrinkage.

Solvents with relatively slower evaporation rates must be used for thicker tapes

to avoid excessive stress and cracking. The dried tape thickness is about one

half of the original thickness, which is equal to the height of the doctor blade.

Tapes can be produced in the range of 5–1000 µm in thickness. Tape casting is

a low-cost process for manufacturing large areas of nanoparticle-based sheets of

controlled thicknesses. These sheets are the basic materials for the production

of substrates or multilayer devices, for example, capacitors, inductors, highly

integrated circuits, actuators, gas sensors, and solid oxide fuel cells.

Depending on the liquid vehicle used to dissolve the binder, tape casting

may involve water- or solvent-based systems. A solvent-based suspension sys-

tem generally shows a faster drying rate, lower cracking sensitivity, higher green

strength and density, and smoother tape morphology. For a β-SiC particle (52 nm)

dispersion in a toluene/ethanol mixture system, 40 wt% binder is needed in or-

der to achieve a tape with desirable properties due to the high specific surface

area of the nano-sized β-SiC particles, while 15 wt% binder is adequate for the

α-SiC suspension with a lower surface area [84]. To acquire stable and low vis-

cosity TiO2 suspensions, azeotropic mixtures (ethanol/methyl ethyl ketone) and

polyester/polyamine copolymer are used as solvent and dispersant, respectively,

and a solids loading of 34 vol% is achieved. The TiO2 films have good homogene-

ity and surface quality, and are absent of bubbles and cracks [85]. Dispersion of

BaTiO3 nanoparticles of 30 nm average particle size in different solvent systems

(toluene–ethanol, methyl ethyl ketone–ethanol, and xylene–ethanol) along with

Triton X-100 or phosphate ester as a dispersant shows the influence of solvents

and dispersant type and concentration. Xylene–ethanol with phosphate ester is the

best solvent and dispersant system for BaTiO3 tape casting. Defect-free, dense,

and smooth green tapes are formed with this system [86].

An aqueous tape casting process is systematically developed and investigated

for 10 mol% Gd2O3-doped CeO2 nanoparticles. High solids loading (55 vol%)

and stable suspensions are achieved using poly(acrylic acid) (PAA) as a dis-

persant, poly(vinyl alcohol) (PVA) as a binder, poly(ethylene glycol) (PEG) as

a plasticizer, octanol as a defoamer, and 2,4,7,9-tetramethyl-5-decyne-4,7-diol

ethoxylate as a surfactant. The pH values of the suspensions are maintained

in the range of 9.0–10.0. Homogeneous, defect-free green tapes (thickness 150–

200 µm) with a smooth surface and a high green density (51.5 vol%) are obtained

[87]. Tape casting of ∼75 nm Pb(ZrxTi1-x)O3 particle suspensions is studied us-

ing xylene–ethanol and phosphate ester as dispersants. Defect-free, dense, and

smooth green tapes are also formed [88]. Carbon nanotube–Al2O3 composites

with carbon nanotube content up to 12 wt% are fabricated by tape casting. The

distribution of carbon nanotubes in the Al2O3 matrix is significantly improved,

resulting in enhanced wear resistance compared to dry processing [89]. Tape

casting of α-Al2O3 suspensions with 60 nm particle size results in flat, crack-

free sintered substrates with >95% density, a submicron microstructure, and a
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translucent appearance. A decrease in the sintering temperature, an improvement

in the mechanical strength, and a lower surface roughness are achieved for the

nanoparticle suspension compared with micron-sized particle suspensions [90].

As an advancement, tape casting is applied as a tool for large area self-assembly

of colloidal nanoparticles into thin superlattice films with face-centered cubic and

hexagonal close-packed structures. The lateral ordering of the superlattices ex-

tends over micron-sized islands, while the vertical arrangement of the layers

suggests a top-down growth mechanism at the air–solvent interface. Monodis-

persed magnetic heterostructured nanoparticles (nano crystallines, NCs), each

consisting of a wüstite (FexO) core and a cobalt ferrite (CoFe2O4) shell, are made

first. Tape casting is performed on freshly hydrophobized silicon substrates and

on silicon substrates covered with a 100 nm thick platinum layer (Fig. 5.13). The

homogeneous deposition of the nanoparticle suspension is shown to result in a

top-down growth of ordered nanoparticle assemblies. The ordering emerges dur-

ing the drying of the solvent at the liquid–air interface and depends on parameters

such as nanoparticle size, choice of solvent, excess of stabilizer, wetting property

of the substrate, and nanoparticle shape [91].

The biggest advantage of tape casting is the ability to make very thin sheets

(also known as thick films), virtually impossible to accomplish by other methods.

However, tape casting also has a prevalent disadvantage that is not mentioned

by any of the above studies, which is the preferential orientation of the particles.

Even though preferential orientation may not be a serious issue for equiaxed

nanoparticles, inclusion of nanotubes/nanofibers or layer-like particles in the

suspension will lead to preferential alignment. Tape casting defects include air

bubbles, particle segregation, and binder segregation.

5.4.4 Freeze Casting

Freeze casting can be viewed as a special case of gel casting that enables a

nanoparticle-based sample to be fabricated into complex shapes. It starts with a

well-dispersed nanoparticle suspension (Fig. 5.14). The mold used is generally

nonporous, such as a polymer. After the suspension is poured into the mold, it

is frozen, dried under vacuum (sublimation), and then demolded. Very desirably,

freeze casting induces solid formation by percolating the network of dispersing

medium and forms near-net-shape complex geometry parts with low cost, low

pressure, and potentially environmentally-benign advantages [92, 93]. The key

requirements for the suspension are that it must be stable and un-flocculated

[94]. The dispersing medium can be water, camphene, dioxane, cyclohexanol,

cyclohexane, or tertiary butanol. Among these, water and camphene are the most

commonly used. When the freeze casting conditions are properly controlled,

the dispersing medium separates from the solid phases through sublimation and

little capillary force exists to cause crack formation or shape distortion [95, 96].

This is very desirable in offering high integrity samples with homogeneous

microstructures. Compared to tape casting, freeze casting has the potential to

avoid high fugitive organic contents that have to be removed before sintering.
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FIGURE 5.13 (a) Sketch of the tape casting process in which nanoparticles assemble at

the liquid–air interface. (b) Transmission electron image of FexO/CoFe2O4 nanoparticles of

11 nm size. (c) Optical microscope image of the nanoparticle film exhibiting separate is-

lands only at the border of the substrate. The inset shows the size distribution of the 11 nm

FexO/CoFe2O4 nanoparticles used. (d) Background flattened scanning electron image of the

11 nm FexO/CoFe2O4 nanoparticles deposited by doctor blade casting on a Pt-covered sili-

con substrate. The labeled arrows indicate point defects in the nanoparticle superlattice [91].

(Reprinted with permission from Bodnarchuk M, Kovalenko MV, Pichler S, Fritz-Popovski

G, Hesser G, Heiss W. Large-area ordered superlattices from magnetic wustite/cobalt ferrite

core/shell nanocrystals by doctor blade casting. ACS Nano 2010;4:423–431, Copyright 2010,

American Chemical Society.) (For a color version of this figure, see the color plate section.)
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FIGURE 5.14 Illustration of the freeze casting process [99]. (Reprinted with permission

from Li W, Lu K, Walz JY. Freeze casting of porous materials–a review of critical factors

in microstructure evolution. Int Mater Rev 2012;57:37–60, www.maney.co.uk/journals/imr,

Maney Publishing.) (For a color version of this figure, see the color plate section.)

Compared to either tape casting or pressure casting, freeze casting can avoid the

preferential orientation of nonspherical constituents, such as fibers and nanotubes.

Compared to tape casting, slip casting, or gel casting, freeze casting can avoid

problematic drying issues due to the presence of capillary forces. Also, if the

suspension is not stable during pressure casting and tape casting, segregation can

occur because of differences in particle size or density [97,98]. For freeze casting,

this issue can be effectively mitigated since the suspension state is preserved

during shaping.

Freeze casting has been practiced for some time. However, most studies are

either focused on micron-sized particles or metal–organic salt sol–gel systems

[100–105]. Recently, some attempts have been made to modify the dispersing me-

dia to avoid large defects [106,107]. However, more expensive organic dispersing

media have to be used. Freeze casting is applied to a SiC particle suspension,

but the effort only produces millimeter-sized pores [108]. For SiO2 nanoparti-

cles, materials produced by freeze casting have pores on the order of several

microns. An Al2O3 nanoparticle suspension of 40 vol% solid loading is freeze

cast. The freeze casting molds are developed using poly(dimethylsiloxane) epoxy

[62, 109]. After the suspension is frozen, the mold is removed and the sample is

exposed to a vacuum (<10 × 103 Pa) to allow the ice to sublimate. Defect-free

samples are obtained with good green strength. SiO2 nanoparticles and micron-

sized kaolinite particles are dispersed to make multicomposition suspensions. The

SiO2 nanoparticles are able to experience a gel formation process when a proper

electrolyte, such as NaCl, is added. The gelled SiO2 nanoparticles are effective in

hindering the rejection by the ice growth front; the resulting microstructure con-

tains numerous small pores as seen in Figure 5.15a. The introduction of kaolinite

particles is effective in controlling the pore morphology of the kaolinite–SiO2

composites. Kaolinite particles act as the framework for the sample while SiO2
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(a) (b)

FIGURE 5.15 Freeze cast microstructures of (a) SiO2 and (b) SiO2–kaolinite composite.

nanoparticles forming the bridges to bond the kaolinite particles together, result-

ing in a network structure. When frozen, the plate-like kaolinite particles and

the gelled suspension can effectively block the anisotropic growth of ice crystals

and lead to the formation of homogeneous microstructures. Compared with pure

SiO2 samples, the pore sizes of kaolinite–SiO2 composites increase gradually

with the addition of large-sized kaolinite particles as seen in Figure 5.15b.

Unidirectional freezing uses ice crystals as a template to produce honeycomb

or lamellar structures, but the robustness of the structures needs to be further

studied [110, 111]. Freeze casting is used to develop sophisticated porous and

layered hybrid materials, including artificial bones, ceramic–metal composites,

and porous scaffolds for osseous tissue regeneration. Although it is promising to

see that the structures achieved by freeze casting have strengths up to five times

of those of materials currently used for implantation [112], much more work is

needed to achieve the desired structure repeatedly and to produce large objects.

Even if the microstructural inhomogeneity is not an issue, freeze casting of a

thick nanoparticle sample can take days to complete.

Directional freeze casting can be used to produce materials with complex,

anisotropic, and porous microstructures, such as lamellar, dendritic, parallel,

columnar, or aligned porous scaffolds. By controlling additives, freezing condi-

tions, suspension solids loading, and particle size, directional porous microstruc-

tures can be obtained [113–131]. Ice has 15 known crystalline phases, among

which hexagonal ice is the most common structure. According to the crystal

structure and crystal growth kinetics of ice, the facets parallel to the c axis have

a higher chemical potential than the ones parallel to the a axis (perpendicular to

the c axis); the ice growth rate along the a axis is 100–1000 times faster than that

along the c axis. Thus, the growth of ice crystals with the temperature gradient

perpendicular to the c axis is kinetically favorable. When the temperature gradient

and particle hindrance are properly controlled, the final structures have lamellar

pores with large dimensions along the preferred growth directions and small di-

mensions along the limited growth directions of ice crystals. Particle size affects

pore morphology. Specifically, nanoparticles are more likely to be rejected by

the solidification front, and elongated ice crystals are more likely to form during
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directional freeze casting. Particle size also influences the solidification behavior

of ice crystals [130]. When heterogeneous nucleation is dominant, the nucleation

sites are provided by the liquid–solid interface, specifically the particle surfaces.

Apparently, nanoparticles provide a larger surface area and increased nucleation

sites, which lead to numerous small pores, while large particles produce a smaller

number of large pores.

Freeze casting has not been extensively applied to nanoparticle suspensions,

partly because of the drastic increase in capillary pressure with a decrease in

particle size and the challenges in achieving high solids loading suspensions.

For directional porous structures, the small size of nanoparticles also limits their

ability to break away from the drag force of the moving liquid front. As a result,

directional pore channels might be difficult to form.

5.4.5 Gel Casting

There are two gel casting processes: the first is particulate gel casting—the sol

consisting of colloidal nanoparticles, and the other is polymeric gel casting—

the sol consisting of polymer precursors for nanoparticles. When the particle

size is in the nanometer range, the distinction between a particulate gel and a

polymeric gel may not be clear. For particulate gel casting, the interest of this

book, the general processing steps are shown in Figure 5.16. First, different

species such as nanoparticles, monomers, binders, and solvents are thoroughly

mixed. In order to avoid flaw, void, and crack formation, the mixed suspension

is deaired under a partial vacuum. After that, a catalyst (polymerization initiator)

is added to start the gel forming chemical reaction. Before too much gelation

occurs, the suspension is poured into molds made of metal, glass, plastic, or

wax to cast it into desired shapes. The chemistry for gel casting can be quite

complex. A chain former, a cross-linking agent, and an initiator are incorporated

for polymerization. Methyacrylamide is a common chain former, and methylene

bisacrylamide is a common cross-linker. As the initiator is added, the polymer

forms a network. The stiffness of the gel and the rate of polymerization are

directly related to the chain former and cross-linker selected. If the gel forming

chemical reaction is exothermic and generates enough heat, the solidification

process may be automatic. Otherwise, heating is needed for the gelation to occur,

which can be realized in a heating oven (such as 80◦C). After gelation, the part

can be demolded from the mold and dried, which removes most of the solvent,

preferably at a high relative humidity (90%) to minimize warping and cracking.

The dried material has very high strength. At this stage of the process, the green

body can be machined to refine its shape (green machining).

Gel casting has a high potential to achieve homogeneous microstructures and

complex geometries. However, there are also problems concerning surface finish,

warping, and material handling. Gel casting has been applied to nanoparticles

such as Al2O3, Si3N4, and calcium hydroxyapatite [132–135]. SiC nanoparti-

cles are coated with a hydrolyzed aluminum species to produce an Al2O3–SiC

codispersion of 55 vol% solids loading. Even though submicron Al2O3 particles
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FIGURE 5.16 A schematic representation of the gel casting process: a nanoparticle-

containing suspension is first created, followed by polymerization, casting, and drying.

are used and the cast samples have to be dried in an environmental chamber

for >40 hours to avoid cracking, composite fabrication from this system by

gel casting has been demonstrated [135]. As an advanced use of gel casting, a

β-tricalcium phosphate matrix with hydroxyl apatite reinforcing nanofibers is

made into a nanocomposite porous scaffold for load-bearing bone tissue engi-

neering [133]. Even though the mechanical properties of the sintered scaffold

are improved, the distribution and function of the nanofibers need to be further

corroborated. Hierarchically porous zeolite structures are obtained from colloidal

zeolite nanoparticle suspensions by gel casting, and zoned zeolite structures with

designed shapes are generated by adding a secondary growth step to the gel

casting process [136]. Although the results are encouraging, the density and in-

tegrity of the zeolite material deserve further study. The collapse of a weak SiO2

nanoparticle network has been induced to form a denser material without high

temperature strengthening [137]. Organic ligands are incorporated to prevent

crack formation, and TiO2 nanoparticles are used to reduce the volume shrinkage
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FIGURE 5.17 Al2O3 green bodies obtained by gel casting using 58 vol% suspension pre-

pared by adding a four-member copolymer containing acrylic acid, acrylate ester, sulfonic

acid, and phosphonic acid groups in the molecule [134]. (Reprinted with permission from Liu

YQ, Gao LA. Dispersion of aqueous alumina suspensions using copolymers with synergistic

functional groups. Mater Chem Phys 2003;82:362–369, Copyright 2003, Elsevier.)

of the gels and enhance the mechanical strength of the components. Complex-

shaped parts such as turbines, accelerator magnets, and artificial bones are made

(Fig. 5.17). Because of the homogeneous microstructures, gel-cast samples shrink

uniformly. Thus, the mold can be designed to compensate for the shrinkage so

that the desired shape and size can be produced.

Commercial BaTiO3 nanoparticles are formed into green bodies using gel

casting involving polysaccharides that gel upon cooling, that is, agar. Relatively

large gel cast samples are made with a similar density and microstructure and in

a shorter time compared to those obtained by slip casting [138].

As a very desirable feature, the polymerized monolithic component can be

removed from the mold while still being wet and dried to release the liquid.

The formation of a gel also prevents the segregation of different size or density

particles; both thick and thin parts can be formed because of the strength that the

gel provides. Near-net-shape forming, high green densities, low levels of organic

additives, and machinability at green state are clear advantages of the gel casting

process. Gel casting also provides an excellent alternative to manufacturing large,

complex-shaped components such as turbine rotors, valves, and cam followers

for gasoline and diesel engines. The high degree of homogeneity required to

produce excellent parts can be retained. Although polymerization is a critical

processing step, the polymer content of the green sample (2–4 wt%) is not higher

than that in components produced by other wet processes. One disadvantage is

that the heat given off by the polymerization reaction may cause cracking. Too
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FIGURE 5.18 Schematic drawing of an electrophoretic deposition cell showing the process

[139]. (Reprinted with permission from Sarkar P, Nicholson PSJ. Electrophoretic deposition

(EPD): mechanisms, kinetics, and applications to ceramics. J Am Ceram Soc 1996;79:1987–

2002, John Wiley & Sons.)

much or too little polymer will result in poor mechanical properties. Drying after

gel casting can become the most daunting task for the process in order to avoid

cracking.

5.4.6 Electrophoretic Deposition

Since most nanoparticles develop a net surface charge when immersed in a polar

solvent, the particles will move in the presence of an electrical field (electrophore-

sis). Electrophoretic deposition (EPD) is a shaping method in which a particle

suspension is created and a direct current electric field is applied, resulting in

the charged particles in the suspension depositing onto the oppositely charged

electrode (Fig. 5.18) [139]. The theory behind electrophoretic deposition was

proposed by Sarkar and Nicholson [139–141]. It mainly involves three steps:

electrophoresis, coagulation, and deposition. Since most nonpolymeric nanopar-

ticles are surrounded by a cloud of ions known as the double layer in an electrolyte,

in an electric field the leading edge of the double layer is compressed; there may

also be some overlap of the double layers between the particles, allowing the

particles to approach one another. When the particles are close enough, the van

der Waals forces cause the particles to compact. Although the DLVO theory de-

scribes the formation of surface charges in aqueous suspensions quite well, the

mechanism of coagulation and deposition during the electrophoretic deposition
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is not completely understood. It is believed that the distortion of the lyosphere

around individual particles by the electrical field plays a significant role. Since

high surface charge allows rapid particle migration and deposition, a high ab-

solute value of zeta potential for the dispersed particles is desirable, which is

consistent for stabilizing a suspension and avoiding agglomeration.

The suspensions for EPD are generally dilute (<10 vol% solids) and have a

low viscosity. There are two types of electrophoretic deposition: constant volt-

age and constant current. For the constant voltage electrophoretic deposition, the

applied potential is held constant. For the constant current electrophoretic depo-

sition, the applied current is held constant. In the constant voltage electrophoretic

deposition, the electrical field driving the particles weakens and the deposition

rate slows as the thickness of the deposited layer increases. In the constant current

electrophoretic deposition, the voltage is increased to counteract the effects of

increased resistance due to the deposited nanoparticles, and the microstructure is

thus more homogeneous.

SiO2 particles of 10–100 nm size are electrophoretically deposited. The pore

size distribution of the electrophoretically deposited SiO2 green bodies is corre-

lated to the solids loading of the suspension [142]. Smaller pore size is achieved by

using high solids loading suspensions. However, a general correlation between the

two parameters is not available. When mixtures of nano-sized and micron-sized

ZrO2 particles are electrophoretically deposited, no size separation is observed,

which is very desirable [143]. In another study, a γ -AlOOH sol of 40 nm size

seeded with δ-Al2O3 nanoparticles of 13 nm size is used to penetrate and deposit

into the voids within/between Ni-coated carbon fiber tows [144]. Full deposition

of the sol material throughout the voids is realized. Composites of 67% density

are produced using a 15 V electric field and a deposition time of 400 seconds. The

effect of voltage on jamming is studied with a poly(styrene-co-methacrylic acid)

microsphere crystal template for 180 nm ZnO colloidal nanoparticles (including

−25 V, −10 V, −5V, and −2.5 V). When a larger voltage (−25 V) is employed,

a large ZnO nanoparticle flux is induced near the template surface. This causes

jamming of the mouth of the interstitial space with ZnO nanoparticles near the

template surface. After jamming, ZnO nanoparticles agglomerate rapidly on the

surface and form a continuous layer. This causes a quick increase in the elec-

trophoretic current values. The entire process exhibits deposition characteristics

similar to films deposited on a planar surface by electrophoresis. Figure 5.19a

shows a scanning electron image of the top surface of a well-ordered ZnO replica

formed by deposition of ZnO nanoparticles into the template. It is similar to the

original structure of the colloidal crystal in that each spherical void is surrounded

by six spherical cavities. The topmost plane of the cells in the replica exhibits a

close-packed pattern. Figure 5.19b shows that each void formed after removing

the colloidal particles has three dark spots corresponding to the contact points of

the three particles in the layer below. Hence, ZnO inverse opal layers are repro-

duced accurately through the deposition of ZnO into a colloidal crystal template

via a template-mediated electrophoresis process. This material has a well-ordered

macroporous structure [145].
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FIGURE 5.19 Scanning electron images showing ZnO macroporous structure fabricated via

a template-mediated electrophoresis process at (a) low magnification and (b) high magnification

[145]. (Reprinted with permission from Chung Y-W, Leu I-C, Lee J-H. Filling behavior of ZnO

nanoparticles into opal template via electrophoretic deposition and the fabrication of inverse

opal. Electrochimica Acta 2009;54:3677–3682, Copyright 2009, Elsevier.)

TiO2 nanoparticles are electrophoretically deposited on stainless steel using

isopropanol and triethanolamine as a solvent and a dispersant, respectively. The

effects of deposition voltage (5–20 V) and deposition time (5–60 seconds) on

the microstructure, surface topography, and packing density are investigated.

The substrate surface is fully covered with increasing deposition voltage and

deposition time, but the surface roughness also increases [146]. The packing

density of the deposited films reaches its highest value at 20 V and 60 seconds.

A Ba0.6Sr0.4TiO3 film with 33 µm thickness is prepared by the electrophoretic

deposition method on a Pt/Ti/SiO2/Si substrate using Ba0.6Sr0.4TiO3 nanoparticles

[147]. The deposition rate for tetragonally stabilized, polycrystalline ZrO2 is

independent of particle size. Bimodal starting particles can be used to optimize

the green density of the compact in order to minimize the shrinkage during

sintering [148].

Tetragonal ZrO2 partially stabilized with Y2O3 (Y-TZP) and Al2O3 function-

ally graded composites of a tubular shape incorporating a tough ZrO2-containing

central layer and a hard outer layer of pure Al2O3 are produced from nano-sized

sols using electrophoretic deposition. A stainless steel rod with 0.3 mm diameter

is used as the deposition electrode ( + ), while a tubular stainless steel electrode

with 40 mm diameter is used as the negative electrode (cathode). The first stage

of the electrophoretic deposition is performed with the Al2O3–ZrO2 sol under

a constant voltage of 10 V using a deposition time of 2.5 minutes. Under the

applied electric field, the boehmite and ZrO2 particles (possessing a net nega-

tive surface charge at pH 9.2) migrate toward the positive electrode (Fig. 5.20).

The particles are deposited until a matrix thickness of 1.4 mm is achieved.

After the first stage of the electrophoretic deposition, the deposition electrode
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FIGURE 5.20 Processing of Al2O3-ZrO2/Al2O3 functionally graded (FGM) tubular shape

using two-step electrophoretic deposition (EPD) [149]. (Reprinted with permission from Kaya

C. Al2O3–Y-TZP/Al2O3 functionally graded composites of tubular shape from nano-sols using

double-step electrophoretic deposition. J Eur Ceram Soc 2003;23:1655–1660, Copyright 2003,

Elsevier.)

surrounded by the boehmite plus ZrO2 deposit layer is put in a pure Al2O3 sus-

pension. The central deposition electrode is connected to the negative terminal

of a power supply, as Al2O3 particles have positive surface charge at the working

pH value of 4. The second stage of the electrophoretic deposition is performed

using the same voltage of 10 V for a deposition time of 1.5 minutes in order

to obtain a thin Al2O3 layer around the first formed thicker boehmite plus ZrO2

layer. The final tubular green body containing an inner layer of boehmite plus

ZrO2 surrounded by a thin layer of pure Al2O3 is obtained [149].
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One of the most distinct advantages of electrophoretic deposition is that the

green density is not affected by the suspension solids loading since the deposition

process itself moves and packs particles. As a result, electrophoretic deposition

is very attractive for nanoparticle shaping, which is difficult to obtain high solids

loading suspensions in the first place [143]. Another advantage of electrophoretic

deposition is better control of the process because the rate and extent of the

deposition is controlled electrically. Since there is no stress involved during the

nanoparticle deposition, the shaping mold can be fabricated from soft or easily

formed materials such as polymers or graphite backed by a metallic electrode.

Complex shapes become achievable with these kinds of inexpensive molds, and

the electric field defines particle deposition areas. One limitation is the difficulty

of forming components in large dimensions. Although an aqueous suspension is

almost always preferred, the formation of gas bubbles due to water decomposition

at the electrodes has to be addressed. Gas bubbles can produce large pores within

the formed parts. One alternative is to use an organic solvent [150,151]. However,

an organic solvent brings a plethora of problems such as cost, environmental, and

surface charge issues. Using a membrane in an aqueous suspension to separate

gas bubbles from the deposition surface seems to be a viable solution [142].

Also, nanoparticle solids loading in a suspension changes with deposition time,

which can lead to gradient microstructures. This can be alleviated by circulating

the suspension and controlling its solids content. Compared to other methods,

the advantages of electrophoretic deposition process are simplicity, material non-

specificity, and high reproducibility. The main challenge is to avoid electrolysis

of water and gas bubble formation.

5.5 DIGITAL PROCESSING TECHNIQUES

With the vast advancement of computer-aided design (CAD) in the past decade,

a number of digital processing techniques have been developed to make complex

shapes, such as direct writing, stereolithography, and ink-jet printing [152–157].

The processes often start with a nanoparticle-based paste or suspension, then

convert a CAD drawing from a computer into two-dimensional thin layers, and

deposit the nanoparticle-based paste or suspension line-by-line to form a three-

dimensional part. The advantages of such techniques lie in producing complex

three-dimensional structures.

5.5.1 Direct Writing

5.5.1.1 Robocasting The earliest direct writing technique is termed as

robocasting. The nanoparticle-based system is more ink- or paste-like. During the

process, the rheological changes of the ink after being extruded out of a nozzle

are used as the method to change state and to form shapes [158–160]. As the ink

is extruded through a narrow orifice and exits the nozzle, it forms a continuous

rod-like filament with a rigid core/fluid shell architecture that simultaneously
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FIGURE 5.21 A schematic representation of the robocasting process. A suspension is ex-

truded through a thin nozzle to build a part layer-by-layer following a computer design [161].

(Reprinted with permission from Munch E, Franco J, Deville S, Hunger P, Saiz E, Tomsia

AP. Porous ceramic scaffolds with complex architectures. JOM 2008;60:54–58, Springer Sci-

ence + Business Media, Fig. 1.) (For a color version of this figure, see the color plate section.)

promotes shape retention while allowing the rods to fuse together at the contact

points. A second layer is formed after the previously formed layer is dried. Robo-

casting requires a pseudoplastic suspension with a yield stress high enough to

prevent shape changes of the printed structure under its own weight. Therefore,

well-dispersed high solids loading suspensions are not suitable for robocasting.

Their rheology must be altered to form partially flocculated suspensions where

a loosely bound particle network forms [161]. A schematic representation of a

robocasting setup is shown in Figure 5.21. The gel-based ink is deposited onto a

moving x–y stage, yielding a two-dimensional pattern. After a given layer is gen-

erated, the stage is incremented in the z-direction and another layer is deposited.

This process is repeated to yield complex three-dimensional structures. Robo-

casting allows the fabrication of nanoparticle-based scaffolds without the need

for a sacrificial support material or mold. Inks are capable of fully supporting

their own weight during assembly, thanks to their carefully tailored composition

and viscoelastic properties.

The smallest nozzle diameter reported for robocasting is 100 µm [162]. Some

of the complex shapes produced using BaTiO3 nanoparticles and their corre-

sponding microstructures are shown in Figure 5.22. The smoothness of the cast
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(a) (b) (c)

(d) (e) (f)

FIGURE 5.22 Top view of (a) three-dimensional radial array, (b) and (d) three-dimensional

periodic lattice assembled from BaTiO3 nanoparticle inks deposited through 100 µm nozzle,

(c) and (e) cross-sectional view of three-dimensional periodic lattice shown in (b) and (d), and

(f) BaTiO3 nanoparticle network that comprises the structures after drying [162]. (Reprinted

with permission from Li Q, Lewis JA. Nanoparticle inks for directed assembly of three-

dimensional periodic structures. Adv Mater 2003;15:1639–1643, John Wiley & Sons.)

features can be seen in Figures 5.22d and e, which cannot be achieved if micron-

sized particles are used.

Robocasting has the advantage of forming parts with a much higher green

density that require little or no machining after fabrication. However, the ink must

satisfy two important criteria. First, it must exhibit a well-controlled viscoelastic

response, which means it must flow through the deposition nozzle and then

“set” immediately to facilitate shape retention of the deposited features, even

as it spans gaps in the underlying layer(s). Second, the ink must contain a high

nanoparticle solids loading to minimize drying-induced shrinkage after the three-

dimensional structure is constructed. These requirements mean careful control

of interparticle forces to generate a highly concentrated, stable dispersion to start

with. Often times a system change (pH, ionic strength, or solvent) has to be

induced as an additional step to promote the fluid-to-gel transition. The highlight

of robocasting is that the process is moldless and binderless. It has great promise

for the rapid manufacturing of complex, multiphase devices, such as piezoelectric

ceramic–polymer composites, photonic band gap lattices, advanced engines and

gas turbines [163], and biocomposites [164], Robocasting is also amenable to

multimaterial fabrication.
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5.5.1.2 Omnidirectional Printing A more advanced version of direct writ-

ing is called omnidirectional printing [165]. Arrays of device-level structures

spanning three dimensions can be printed with a fine resolution in high aspect

ratio layouts. This technique can overcome the limitation of only producing low

aspect ratio features that must be supported by an underlying substrate or device

and pattern spanning elements in- or out-of-plane. In this filamentary printing

approach, a concentrated ink is extruded through a tapered cylindrical nozzle

(1–30 µm) that is translated using a three-axis, motion-controlled stage with

nanoscale precision. Omnidirectional printing has been used to produce flexible,

stretchable, and spanning microelectrodes using concentrated silver nanoparti-

cle (∼20 ± 5 nm) inks. Planar microelectrode arrays are made on a silicon

wafer by depositing silver nanoparticle ink (71 wt% solids) through 1, 5, and

10 µm cylindrical nozzles (Fig. 5.23a). Printed features with aspect ratios (height

to width ratio) of ∼0.7 are obtained in a single pass, and a minimum width

of ∼2 µm is achieved with the use of a 1 µm nozzle. In addition, high as-

pect ratio features are patterned in a layer-wise manner, and their width and

height are defined solely by the nozzle diameter and number of printed lay-

ers, respectively (Fig. 5.23b and c). The microstructural evolution of the printed

silver microelectrodes as a function of annealing temperature is shown in Fig-

ure 5.23d. As the temperature increases from 150◦C to 550◦C, the microelec-

trodes undergo simultaneous loss of organics, grain growth, and densification.

Concomitantly, their electrical resistivity decreases sharply over this temperature

range (Fig. 5.21e).

Direct writing is superior in the construction of arbitrarily designed three-

dimensional structures. A series of organic inks doped with nanoparticles are

made to fabricate three-dimensional meshes of interpenetrating rods. The effects

of nanoparticle addition on the rheological properties of organic inks reveal a

close relationship between the ink’s formability and rheological properties. To

meet the requirement of arbitrary structure design for various applications, inks

used in this technique must satisfy several criteria. First, the ink must be extruded

fluently through the deposition nozzle without clogging or fracture. Second, the

ink should change from fluid-like to solid-like right after its extrusion out of the

nozzle to facilitate the shape retention of the deposited features. Third, the formed

structure must maintain its shape and strength during the process and afterward.

Organic vaseline inks doped with TiO2 nanoparticles are written into three-

dimensional structures (Fig. 5.24). These structures show superior performance

to retain their shapes after repeated bending and stretching as a flexible substrate

due to the elastic property contributed by the nanoparticles. The assembled scaf-

folds and rods exhibit potential capabilities to build complex three-dimensional

structures [166].

5.5.2 Stereolithography

Stereolithography is more specifically a multilayer photopolymerization tech-

nique and is based on the layered construction of a polymer (in this case, a
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(a)

(b) (c)

(d) (e)

FIGURE 5.23 (a) Scanning electron images of planar arrays of silver microelectrodes pat-

terned with 1- (left), 5- (center), and 10-µm (right) nozzles. (b) Scanning electron images of

multilayer silver microelectrodes patterned with 5- (top left), 10- (bottom left), and 30-µm

(right) nozzles. (c) Aspect ratio as a function of number of printed layers for the silver micro-

electrodes shown in (b). (d) Scanning electron images of silver microelectrodes patterned with

a 15-µm nozzle as a function of annealing temperature. (e) Electrical resistivity of silver mi-

croelectrodes as a function of annealing temperature and time. Error bars indicate the standard

deviation measured from three electrodes [165]. (Reprinted with permission from Ahn BY,

Duoss EB, Motala MJ, Guo X, Park SI, Xiong Y, Yoon J, Nuzzo RG, Rogers JA, Lewis JA.

Omnidirectional printing of flexible, stretchable, and spanning silver microelectrodes. Science

2009;323:1590–1593, AAAS.)

nanoparticle-filled polymer) in a tank of photocurable monomer or oligomer

(Fig. 5.25). In stereolithography, a laser beam is scanned on the surface of a

highly concentrated suspension of nanoparticles in a monomer solution. The

monomer is cured to form a layer where the particles are bound by the polymer.

Then, the platform is lowered, and the suspension flows over the polymerized
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200 µm

(a) (b)

(c)

50 µm

(d)

FIGURE 5.24 Images of assembled structures on different scales: (a) a four-layer scaffold

piled by perpendicular rods with 500 µm diameter and 2 mm interrod distance in a 20 mm ×
20 mm square, (b) bending of the formed structure, (c) agglomeration of nanoparticles at the

rod’s surface, and (d) magnified image of the nanoparticle-doped ink [166]. (Reprinted with

permission from Cai K, Sun J, Li Q, Wang R, Li B, Zhou J. Direct-writing construction of lay-

ered meshes from nanoparticle-vaseline composite inks: rheological properties and structures.

Appl Phys A 2011;102:501–507, Fig. 6.) (For a color version of this figure, see the color plate

section.)

layer. The following layers are repeated the same way as the previous layer until

the three-dimensional structure is formed as designed.

Photocurable resins generally contain 2–5% photoinitiator that generates free

radicals in the presence of UV light. The monomer or oligomer is polymer-

ized when attacked by free radicals, but the reaction stops in the absence of

light because the free radicals react with oxygen. The cured depth is given

by [167]

Cd = Dpenetration ln

(

Emax

Ec

)

, (5.11)

where Dpenetration is the penetration depth of the resin from the Beer–Lambert

law, Emax is the peak value of exposure (J m−2) of a laser beam with Gaussian
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FIGURE 5.25 Schematic representation of the stereolithography process. (For a color ver-

sion of this figure, see the color plate section.)

distribution of energy, and Ec is the critical energy density below which polymer-

ization will not proceed. The cured line width is given by

LW =
√

2W0

(

ln

(

Emax

Ec

))1/2

, (5.12)

where W0 is the Gaussian half width of the laser beam.

In this technique, the suspension must have a high solids loading (preferably

>50 vol%) and low viscosity. One problem for stereolithography is lack of fine

resolution. The dimensional resolution is 200 µm [155]. Even though theoret-

ically it is possible to use nano-sized particles, the smallest particles used are

generally larger, such as 300 nm [168]. To improve the resolution of the stere-

olithography technique, both the light source and the particle size need to be

refined. This is termed microstereolithography. In microstereolithography, finer

resolution can be obtained by adding a UV absorber to reduce the scattering effect

of nanoparticles. However, only a few polymers such as acrylates or epoxies can

be used. Nano-/microscale composite scaffold materials containing hydroxyap-

atite (HA) nanoparticles are made [169].

The line structures fabricated with femtosecond laser pulses demonstrate that

a feature size down to 400 nm can be achieved and that the resulting structures

have a homogeneous shape. Such two-dimensional structures are produced in a

TiO2 resist layer of about 1 µm thickness, giving an aspect ratio of ∼2.5. More

challenging, however, is the photofabrication of three-dimensional structures. For

this purpose, TiO2 resist with a layer thickness of about 10 µm is spin-coated
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FIGURE 5.26 Scanning electron image of three-dimensional structures fabricated with the

spin-coated TiO2 resist. The periodicity of the structure is 3.5 µm with the distance between

single layers being 1.2 µm. The crack in the patterned structure originated from drying and

shrinkage of very thick resist on the substrate. The scale bar is 9 µm [170]. (Reprinted with

permission from Passinger S, Saifullah MSM, Reinhardt C, Subramanian KRV, Chichkov

BN, Welland ME. Direct 3D patterning of TiO2 using femtosecond laser pulses. Adv Mater

2007;19: 1218–1221, John Wiley & Sons.)

on a glass substrate. The three-dimensional structures with smooth feature surface

are fabricated by scanning a femtosecond laser beam with a speed of 2000 µm s−1

over the sample. Between each layer, an illumination break of 10 seconds allows

the volatile components, possibly lower molecular weight molecules formed

during the bond breaking, to leave the structure; it also improves structure qual-

ity by reducing distortion. One example structure has a periodicity of 3.5 µm

with a 1.2 µm distance between single layers (Fig. 5.26). By illuminating TiO2

resist with slightly higher-energy laser pulses, it is possible to produce bulk

three-dimensional TiO2 structures. The periodicity is 1 µm, and the laser en-

ergy is varied between 5 and 18 mW. The distance between the single layers

is 350 nm [170].

Shrinkage is still a challenging issue for direct patterning of inorganic mate-

rials, which occurs during the pyrolysis of polymeric ceramic precursors. This

problem is considered to be an obstacle for the practical use of this process. Direct

patterning of TiO2 is reported for the fabrication of photonic crystals. In this case,

50% volume shrinkage is observed during thermal treatment. The barriers for

further advancement of this technique have not been thoroughly addressed. The

requirement of a high solids loading suspension, the special polymers required,

the resolution limitation imposed by the light source, and the time-consuming

process all contribute to the slow progress.
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5.5.3 Ink-Jet Printing

Ink-jet printing is an important process in light of its potential for low-cost pro-

duction of large-scale electronic devices. More studies are focused on metal

nanoparticle suspensions than on ceramic nanoparticle suspensions because met-

als (such as gold, silver, and copper) are conductive and more suited for electronic

applications. A good review on ink-jet printing has been provided [171]. In ink-

jet printing, the ink contains nanoparticles with a relatively high solids loading

(30 vol%) and needs to be free from agglomeration; the particles need to have a

narrow size distribution. Also, the ratio of the radius of the nozzle aperture and

the d90 of the particles (the size that 90% of the particles are smaller than) should

be at least 50 to avoid blockage of the nozzle [172]. Additives in the ink have

important effects on the colloidal and rheological properties of the suspensions

[152]. Copper nanoparticles of 35–60 nm in size are ink-jet printed. Figure 5.27

shows complex conductive patterns printed on flexible polyimide substrates us-

ing copper nanoparticles prepared with polyvinylpyrrolidone of 40,000 g mol−1

molecular weight. Solvent evaporation from the printed single ink droplet pro-

duces a spherical dot pattern with ∼120 µm diameter. Line patterns are generated

by reducing the dot-to-dot distance. Separated dots merge together at a distance

of 80 µm, and printing at an interdot distance of 60 µm results in a continu-

ous line with a ∼130 µm linewidth and relatively smooth edge definition [173].

Another interesting note is that inductive coils, electrostatic-drive motors, and

(a)

(b)

120 µm
130 µm

2 mm 2 mm

FIGURE 5.27 (a) Conductive patterns ink-jet printed on polyimide substrates using copper

nanoparticles and (b) confocal images of a single ink droplet after drying and a single printed

line [173]. (Reprinted with permission from Jeong S, Woo K, Kim D, Lim S, Kim JS, Shin H,

Xia Y, Moon J. Controlling the thickness of the surface oxide layer on Cu nanoparticles for the

fabrication of conductive structures by ink-jet printing. Adv Funct Mater 2008;18:679–686,

John Wiley & Sons.) (For a color version of this figure, see the color plate section.)



BIO-DERIVED PROCESSES 313

electrothermal actuators with <100 µm feature size and as many as 400 layers are

made from silver and gold nanoparticles with a high conductivity [174]. Cobalt

nanoparticles are patterned as a catalyst for carbon nanotube growth [175]. Gold

nanoparticles of 1–3 nm size are ink-jet printed into micropillar arrays, helices,

zigzag, and microbridge [176, 177].

Indium-doped tin oxide (ITO) nanoparticle suspensions are used for ink-jet

printing. The inks are coated on a glass substrate by a spin-coating process and

patterned by the ink-jet printing technique using a 50 µm diameter ink-jet nozzle

[178]. A reverse microemulsion method is used to produce ZrO2 ink with 4–

6 nm particle size, but the solids loading must be <1 vol% to be of practical

use [179]. Ceramic stains are applied onto a ceramic ware using ink-jet printing.

Even though the particle size is unknown, it is believed to be from a few to tens

of nanometers range [180]. This is a rare case that nanoparticle digital processing

is applied to the traditional ceramic field, even though nanoparticle applications

in conventional materials have been in existence for many centuries without

our realization. A drop on-demand IBM ink-jet printer is used to build a three-

dimensional ZrO2 structure with cavities and overhangs. Carbon ink serves as

the support structures and is removed after pyrolysis of the organic vehicle but

before sintering [181].

So far ceramic nanoparticle ink-jet printing is not much further advanced than

metal nanoparticle systems. The inactive nature of many ceramic systems plays

a role in this lag.

5.6 BIO-DERIVED PROCESSES

Biomaterials are an active research area in the materials community. Because

of the diverse nature of biomaterials, the forming techniques also encompass a

wide range. Here, we introduce two bio-derived processes: bioactive materials

and biomimetic materials.

5.6.1 Bioactive Materials

For bioactive materials, microorganisms like bacteria, fungi, cells, or cell-derived

subunits (e.g., proteins and enzymes) are used to create specific structures of

nanoparticle-based materials. The formed structures are often small. Preparation

of such nanocomposites needs to be accomplished at moderate temperatures and

physiological conditions, which allow the use of sensitive proteins and even living

cells as bioactive agents [182]. By avoiding harsh preparation conditions (high

temperature, organic solvents) that could lead to denaturation, bacteria, fungi,

and yeast cells can be incorporated while maintaining their viability. Metal oxide

nanoparticles are solidified by gelling at room temperature in the presence of

admixed cellular systems. SiO2 and TiO2 can be polymerized with a flexible

polymer, such as PDMS or polytetramethyloxide, at the molecular level to form

an inorganic–organic nanohybrid. During the gel formation, the biocomponent is
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immobilized within the inorganic network. The immobilization of the biocom-

ponents can be controlled by the biocomponent to oxide ratio or by the addition

of pore-forming agents. After drying of the lyogel and removal of the solvent,

xerogels are formed as bulk products. For TiO2 nanoparticles, the polymers are

subjected to hot HCl solution treatment to form anatase and eventually nano-

sized bone-like apatites. Depending on the organic residue groups, the chemical

and structural properties of the composites can be varied over a wide range.

Even a direct covalent linkage of biological residues to the oxide matrix can

be realized.

5.6.2 Biomimetic Materials

Biomimetic materials are materials and composites that exhibit organizational and

functional specificity exemplified by biological minerals such as bones, shells,

and teeth. Building three-dimensional structures by the biomimetic approach is to

construct a structure inside or on a scaffold using building blocks that represent a

significant volume fraction of the intended structure. The biomimetic shaping of

nanoparticle-based materials represents the use of nanoparticle building blocks

in forming higher order architectures [183]. Approaches such as shape-directed

assembly [184] and programmed assembly [185] are either only suitable for

two-dimensional assembly or too immature for meaningful three-dimensional

structure construction. Only template-directed methods with nanoparticles spa-

tially confined within the organized interiors of organic matrices, such as bacterial

superstructures or polymer sponges, or on the surfaces of organic substrates, such

as coated polymer beads or bacterial membranes, have good potentials to produce

three-dimensional nanostructures.

One example of biomimetic materials is macroscopic threads of organized bac-

terial superstructures. A typical bacterial thread can contain in excess of 1010 cells

and 50,000 filaments arranged as a cell [183]. The reversible swelling of unmin-

eralized threads in the presence of inorganic nanoparticles (SiO2, Fe3O4, and

CdS) has been exploited in the fabrication of organized bacterial mineral com-

posites. Negatively charged SiO2 and Fe3O4 nanoparticle suspensions give good

infiltration and replication of the bacterial superstructure. The mineralized and

air-dried fibers consist of a close-packed array of 0.5 µm diameter multicellular

bacterial filaments coated with a 30–70 nm thick layer of aggregated nanopar-

ticles. For both SiO2 and Fe3O4, the repulsive forces between the nanoparticles

and cell membranes (which are also negatively charged due to the predominance

of carboxylic acid groups) facilitate infiltration throughout the swollen organic

superstructure. When the thread is redrawn from the nanoparticle suspension,

nanoparticles trapped between or adhering to the bacterial filaments are retained

and consolidated within the interfilament spaces on drying. In contrast, neutral

ligand-capped CdS nanoparticles, although internalized to some extent, are pref-

erentially localized on the surface of the thread, and positively charged TiO2

nanoparticles do not penetrate the swollen fiber at all. Instead, TiO2 nanoparti-

cles are deposited on the external surface of the bacterial thread to produce a
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coherent surface coating with uniform thickness. One key requirement for the

formation of a continuous wall structure from the entrapped nanoparticles is that

the nanoparticles bond into an extended network and that the nanostructure does

not collapse upon removal of the organic matrix. This is achieved for amor-

phous SiO2 nanoparticles, which produce intact inorganic fibers with ordered

macroporous channels after the bacterial template is removed by calcination.

In contrast, bacterial threads infiltrated with crystalline Fe3O4 nanoparticles do

not produce stable porous inorganic replicas of the multicellular superstruc-

ture. The nanoparticles remain only loosely associated after calcination. The

biomimetic process has been used to deposit nano-sized bone-like apatite on

fine polymer fibers, which are textured into a three-dimensional knit framework

(Fig. 5.28) [186].

For nanostructures, the biomimetic approach generally works well, provided

that there is sufficient chemical and interfacial complementarity between the

organic and inorganic components. However, inorganic mineralization of ordered

structures extending beyond 100 nm can be difficult to achieve at high volume

fractions because the supersaturation level attainable within the template is too

(a) (b)

(c)

FIGURE 5.28 Scanning electron photographs of the surface of a woven yarn of ethylene–

vinyl alcohol copolymer fibers before (a), after calcium silicate coating (b), and after subsequent

soaking in a simulated body fluid for 2 days (c) [186]. (Reprinted with permission from Kokubo

T, Kim H-M, Kawashita M. Novel bioactive materials with different mechanical properties.

Biomaterials 2003;24:2161–2175, Elsevier.)
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low to produce a stable replica of the void space. One possibility is to use

continuous flow of precursor solutions rather than batch processing. Another

major limitation is that the nanoparticles are randomly arranged with respect to

each other within the organized spaces of the template and show no registry with

the template itself. This is not unexpected given that the particles are isotropic and

repulsive interactions are used predominantly for space filling. Thus, although

complicated macro-organized templates can be replicated, at the local scale the

ordering is random.

5.7 SUMMARY

Shaping of nanoparticles into three-dimensional components is a very diverse

process. It ranges from dry compaction, which deals with particles up to a

few hundred grams at a time, to wet forming processes involving very dilute

suspensions that manipulate particles one at a time. The characteristics of dif-

ferent forming techniques are summarized in Table 5.1. Each technique has

its own strengths as well as limitations to meet the specific demands of the

task on hand. However, the characteristics of an optimal processing method

are universal. The technique should offer high reliability and repeatability on the

three-dimensional structure properties and minimize processing steps. Although

some of these specifications are obvious, the maximization of a component’s

properties might be in opposition to the efficiency of the process. The best

practice is to achieve the maximum performance within the constraints of the

processing cost.

Dry forming and semidry forming processes mainly stem from conventional

powder processing techniques and hold the greatest potential for large-scale

production of nanoparticle materials. The existing tools and knowledge can be

quickly extended to address specific nanoparticle issues. These relatively mature

approaches are ideally suited for making high-density and modest homogeneity

components. The applications are often found in structural or functional applica-

tions that require dense components.

Wet processing holds the greatest potential for solving nanoparticle agglomera-

tion issues and providing uniform microstructures. This general category includes

pressure casting, tape casting, freeze casting, gel casting, and electrophoretic de-

position. For all the wet forming processes except for electrophoretic deposition,

the ability to achieve a high solids loading suspension is the key for the appli-

cation of the techniques. Even though specific colloidal processing issues can

be challenging, the potential for offering uniform nanostructures and homoge-

neous distributions of multiple compositions at the individual particle level is

very attractive.

As an extension of the conventional forming techniques, one emerging class

of methods is digital processing, which includes direct writing, stereolithog-

raphy, and ink-jet printing. These forming methods yield complex-shaped ob-

jects directly from a computer-created three-dimensional representation through



TABLE 5.1 Comparison of Different Shaping Techniques

Types Advantages Disadvantages Component size

Dry processing Uniaxial pressing Simple, low cost, high

efficiency

Simple shape, density gradient Centimeter to

millimeter

Cold isostatic

pressing

Improved uniformity,

increased part complexity

Complex equipment, limited

peak pressure

Centimeter to

millimeter

Superhigh pressure

compaction

High efficiency, high density Cracking, complex and

specialized equipment and

tooling, mechanism not well

understood

Centimeter to

millimeter

Dynamic

compaction

High efficiency, high density Cracking, complex and

specialized equipment and

tooling, mechanism not well

understood

Centimeter to

millimeter

Semidry

processing

Molding Complex shape, high

efficiency, uniform density

High organic content, complex

organic particle system

Centimeter to

millimeter

Extrusion Complex cross section, high

efficiency, textured

microstructure

High organic content, defects Centimeter to

millimeter

Wet processing Casting Complex shapes, purposely

designed graded structure

Low efficiency, complex drying

process, preferential

orientation

Decimeter to

millimeter

Tape casting Thin sheet, high efficiency High organic content, defects,

problematic drying,

preferential orientation

5–1000 µm

thickness,

decimeter width,

meter long

(Continued)3
1

7



TABLE 5.1 (Continued)

Types Advantages Disadvantages Component size

Freeze casting Uniform microstructure,

complex shape, low organic

content

Low viscosity and high solids

loading suspension, limited

size

Centimeter to

millimeter

Gel casting Complex shape, uniform

microstructure

Cracking, low green strength Centimeter to

millimeter

Electrophoretic

deposition

Density independent of

particle size, complex

shape, low solids loading

suspension

Gas bubble-induced pores Centimeter to

millimeter

Digital processing Robocasting Complex three-dimensional

shape

High organic content, low

efficiency

Centimeter to

millimeter

Stereolithography Complex three-dimensional

shape

Special polymer, large shrinkage,

low resolution

Centimeter to

submicorn

Ink-jet printing Complex two-dimensional

structure, high resolution

Narrow particle size distribution Centimeter to

micron

Bio-derived

processing

Bioactive materials Unique microstructure, wide

range of property variation

Limited to special nanoparticles Submicron to

micron

Biomimetic

materials

Higher order architecture Nanoparticle arrangement has no

registry

Submicron to

micron

3
1

8
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controlled deposition of nanoparticles. The focus of these new techniques is

for complex but near-net-shaped prototypes. When the component quantity is

low but the shape is complex, digital processing offers an ideal alternative in

three-dimensional component forming. Some of these techniques remain in the

research labs for improvement; others have become available in the manufac-

turing sector for large quantity production. These techniques hold the key to

producing complex three-dimensional nanostructures, and improvements can be

expected to meet the needs of very special applications.

The increasing demand for the ability to manipulate nanoparticles at the indi-

vidual particle or molecule level has motivated research in bio-derived processes.

During the past decade, many researchers have participated in this quest and

generated a multitude of new methods. Although these efforts open up a whole

new array of nanoparticle processing techniques, most of the methods remain

at the conceptual stage, either due to processing difficulties or low efficiency.

With the certainty that new discoveries will continue to be made in this area,

the commercialization of these techniques still has a long way to go. Neverthe-

less, these are exciting fields that determine our ultimate ability to manipulate

nanoparticles. The efforts will also lead nanoparticle processing into a more con-

trolled and design-focused stage by intelligently utilizing the surface properties

of nanoparticle packings. Many unique properties are expected to come from this

refined shaping paradigm.

QUESTIONS

1. For 1 g 50 nm particles and 1 g 5 µm particles, based on random packing

principle and assuming spherical shapes, calculate the contact points among

the particles and the surface area for each material. Assume the materials

density is 4.0 g cm−3.

2. Why do nanoparticles agglomerate more easily than micron-sized particles?

3. What are the potential strategies to increase the green density during dry

forming process? Explain how each of them works.

4. For semidry forming process, do you expect the green sample after the binder

removal to have higher or lower density than the micron-size counterparts?

Why?

5. In a solution, how does the surface charge of a particle arise?

6. Schematically describe the electrical double-layer structure and the electrical

potential of a particle in a polar solvent.

7. Describe DLVO theory in detail.

8. During wet forming processes, which ones have an external field/force to

increase the nanoparticle packing density? Which ones don’t? How do these

affect the sample densities?

9. Give two examples of digital processing techniques for nanoparticle-based

systems and explain how each of the processes work.

10. What are the unique attributes of bio-derived forming processes?
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CHAPTER 6

SINTERING

6.1 INTRODUCTION

Sintering is defined as the bonding of particle packing into a coherent, predom-

inantly solid structure by the application of heat to enable one or more mecha-

nisms of atomic movement to the particle contact interface to occur [1, 2]. On a

macroscopic scale, the process is accompanied by strengthening and dimensional

decrease (shrinkage). On a microstructural scale, bonding occurs as necks grow

at the points of contact between particles, and the free surface decreases. As the

bonds between contacting particles enlarge and merge, grain growth proceeds.

Active nanomaterial research has brought new excitement as well as challenges

to sintering. Depending on the needs of the specific application in discussion,

two possibilities exist. One is to strengthen and stabilize the nanoparticle pack-

ing/arrangement while maintaining the high surface area, porosity, and the unique

arrangement of particle-based materials at nanoscale. This can be categorized as

porous nanoparticle material sintering. The other is to achieve high or full den-

sity while keeping the grains at <100 nm. This can be categorized as dense

nanoparticle material sintering. Porous nanoparticle material sintering is more

achievable but also less studied. Most of the sintering efforts have been devoted

to achieving full density and maintaining nano-sized grains. Innovative sintering

approaches become a must in order to meet some of the specific requirements of

nanoparticle-based materials.

Nanoparticulate Materials: Synthesis, Characterization, and Processing, First Edition. Kathy Lu.
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6.2 THEORIES

6.2.1 Sintering Stages

At the microscopic level, sintering addresses the diffusion process of a par-

ticle collection. Classical sintering studies are focused on rigorously defined

geometric models such as the simplified two-sphere model or the tetrakaideca-

hedron model [3–6]. From a mechanistic point of view, sintering proceeds by

evaporation–condensation, surface diffusion, grain boundary diffusion, volume

diffusion, plastic deformation, or creep (the latter two cases apply if a pressure

is used). Volume diffusion includes the diffusion process from the particle/grain

surface to the neck that leads to coarsening (volume diffusion coarsening) and the

diffusion process from the grain boundary to the neck that leads to densification

(volume diffusion densification). Only grain boundary diffusion, volume diffu-

sion densification, and plastic deformation/creep lead to densification. The other

diffusion processes lead to microstructural coarsening. Lowering the surface en-

ergy by the elimination of particle (grain)-pore interfaces is the driving force for

sintering. At the microstructural level, particles/grains change their shapes by

rounding off sharp corners or developing facets at low surface energy orienta-

tions. Even though there is no sharp morphological transition during sintering,

classical sintering theories almost always divide the process into three stages

(initial, intermediate, and final), mostly for discussion convenience. With the

designation that the grain size is G and the grain–grain neck size is X, the initial

stage of sintering refers to the state when the neck size ratio X/G is <0.3; during

this sintering stage, the porous structure is open and fully interconnected, and the

porosity is only slightly lower than that of the green state. The intermediate stage

of sintering refers to the state when X/G is >0.3 but the porosity is 10% or more;

during this sintering stage, pores are much smoother and have an interconnected,

cylindrical structure. Extensive grain growth and pore isolation occur in the latter

portion of the intermediate stage of sintering. At around 8–10% porosity, sinter-

ing proceeds into the final stage; cylindrical pores collapse into spherical pores;

densification substantially slows down; and extensive grain growth is most likely

to occur. Based on this understanding, porous nanoparticle material sintering can

also be viewed as the sintering process that only involves initial and/or interme-

diate stages of sintering, while dense nanoparticle material sintering involves all

three stages.

Conventional sintering has been well analyzed mechanism by mechanism

based on simplified grain shapes. Extensive discussion on the contributions of

the diffusion processes to shrinkage and grain growth is available. However,

understanding and effective control of nanoparticle material sintering require a

holisticview on all the factors that influence shrinkage and grain growth.

6.2.2 Shrinkage

At free sintering conditions, diffusion occurs locally based on chemical potential

difference; plastic deformation and creep are generally absent since the sintering
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stress is too low. Only grain boundary diffusion and volume diffusion densifica-

tion lead to densification (shrinkage). Based on the definition of diffusion flux

for a formula unit of grains, diffusion flux j can be expressed as

j =
αGB√

2πMw · R · T
·
�PflatγGB

kT
· H, (6.1)

where αGB is grain boundary diffusion coefficient, Mw is molecular weight, R is

gas constant, T is absolute temperature, � is atomic volume of a formula unit

of grains,Pflat is partial pressure of a flat grain surface, γ GB is grain boundary

energy, and k is Boltzmann’s constant. The absolute volumetric change rate due

to grain boundary diffusion for two grains, dV
dt

∣

∣

GB,2, can be described as [7, 8]

dV

dt

∣

∣

GB,2 = AGB,2 ·
αGB√

2πMw · R · T
·
�PflatγGB

kT
· H, (6.2)

where AGB,2 is grain boundary area between the two grains. The overall absolute

volumetric change rate by grain boundary diffusion, dV
dt

|GB , can be summed for

all grain–grain-pore triple junctions in different directions as

dV

dt
|GB = AGB ·

αGB√
2πMw · R · T

·
�PflatγGB

kT
· �H, (6.3)

where AGB is total grain boundary area, �H is vector sum of the mean curvature

H with the consideration of the relative orientation of the grain boundaries in

the sample. For the volumetric change rate, dV
dt

|V , due to volume diffusion

densification, an equation similar to Equation (6.3) can be derived. The total

absolute shrinkage rate for a sintering body is [7, 8]:

dV

V · dt
|d =

dV

V · dt
|GB +

dV

V · dt
|V

=
AGB

V
·

1
√

2π Mw · R · T
·
� · Pflat(αGB·γGB + αV · γV )

kT
�H,

= C ′ ·
AGB

V
· �H = C ′ · A · �H

(6.4)

where αV is volume diffusion coefficient, γV is volume energy, C′ is a system

and temperature related constant, and A is volumetric grain boundary area. H is

mean curvature and can be expressed as

H =
1

2
·

∫∫ (

1

r1

+
1

r2

)

da

∫∫

da

, (6.5)
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where r1, r2 are principal curvatures at grain–grain-pore triple junctions, da is area

element at grain–grain-pore triple junctions [9]. r1 and r2 can be positive, negative,

or zero. For very small shrinkage, Equation (6.4) can be further expressed as

dρ

ρ · dt
= C ′ · A · �H. (6.6)

For a given material under a specific temperature (given C′), Equation (6.6)

shows that A and �H comprehensively represent the densification rate. A rep-

resents grain packing density, contact, and the available grain boundary area for

densification. �H represents grain size, shape, and intergrain neck geometry.

�H also represents pore size and shape. C′, A, and �H collectively represent

the spontaneous densification tendency of a sintering system. With a tempera-

ture change, C′ varies based on intrinsic material properties such as diffusion

coefficients and interfacial energies.

For densification, the grain size effect is reflected in �H, which is dictated by

nanoparticle packing. �H may or may not have a significant effect on densifi-

cation due to the vector sum effect over the entire sintering body. On the other

hand, A is strongly dependent on nanoparticle packing (Eq. (6.6)). If nanopar-

ticle packing is poor, A will be small. To improve densification, A should be

increased during the forming process by achieving the highest green density pos-

sible. Equation (6.6), albeit useful, involves consideration of all the grains and

their packing geometries in a system. As a result, it is intuitively instructive to be

used to understand the effects of different factors, but cumbersome to be applied

to real systems.

6.2.3 Grain Growth

Different from shrinkage, grain growth is more a local event for a given grain.

Its behavior mainly hinges on its neighbors and their interactions (except for the

evaporation–condensation mechanism). Nonetheless, the grain growth process

can be understood by starting with chemical potential difference and then ex-

amining the Gibbs–Thomson equation. For the evaporation–condensation grain

growth mechanism, the chemical potential difference between atoms per formula

unit on a flat surface and on a grain surface of curvature H is

�μ = μcurv − μflat = γGV�H, (6.7)

where µcurv is the chemical potential on the grain surface, µflat is the chemical

potential on a flat surface, and γ GV is the grain-pore interfacial energy. At equi-

librium, the chemical potential difference is related to the partial pressure above

the curved grain surface:

�μ = kT ln
Pcurv

Pflat

, (6.8)
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where Pcurv is the partial pressure on the grain surface, andPflat is the partial

pressure on the flat surface. Combining Equations (6.7) and (6.8) yields

ln
Pcurv

Pflat

= H
�γSV

kT
≈

Pcurv − Pflat

Pflat

. (6.9)

When the pressure difference between the curved grain surface and the flat

surface is assumed to be small. Equation (6.9) can be rewritten as

Pcurv = Pflat

(

1 + H
�γGV

kT

)

. (6.10)

For grain growth through the evaporation–condensation mechanism, the grain

growth rate can be expressed as

dG

dt

∣

∣

∣

∣

E−C

= KE−C(Pcurv − Pflat) = KE−C · Pflat

�γGV

kT
H

= KE−C · SE−C · H,

(6.11)

SE−C = Pflat

�γGV

kT
, (6.12)

where KE–C is a constant representing grain boundary mobility due to the

evaporation–condensation diffusion mechanism, and SE–C is a constant repre-

senting the intrinsic material properties at a given temperature. When the grain

growth is contributed from the surface diffusion mechanism, the grain growth

rate can be expressed as

dG

dt

∣

∣

∣

∣

S

= KS · SS · H, (6.13)

where SS is a system-related constant, and KS is a constant representing grain

surface mobility due to the surface diffusion mechanism. Similarly, the grain

growth rate due to volume diffusion coarsening can be expressed as

dG

dt

∣

∣

∣

∣

V

= KV · SV · H, (6.14)

Again, SV is a system-related constant and KV is a constant representing grain

surface mobility due to the volume diffusion coarsening mechanism. The overall

grain growth rate can be expressed as

dG

dt
= (KE−C · SE−C + KS · SS + KV · SV )H. (6.15)
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Clearly, the intrinsic properties of the material to be sintered play essential

roles in grain growth rate, reflected by KE–C, KS, KV, SE–C, SS, SV in Equation

(6.15). Composition and sintering temperature can be modified to adjust these

values. For nanoparticles, particle/grain radii r1 and r2 are small and thus H is

large. This means fast grain growth is an intrinsic characteristic of nanoparticle

sintering based on Equation (6.15). In addition to the grain growth rate, the mean

grain size r usually increases with sintering time t according to

G3 = G3
0 + Kt, (6.16)

where G0 is the initial grain size, and K is a thermally activated parameter that

includes grain boundary mobility.

6.3 CHARACTERISTICS OF NANOPARTICLE SINTERING

Sintering of nanoparticle-based materials shares many of the common principles

with micron- and submicron-sized particulate systems. This includes the funda-

mental diffusion mechanisms, grain growth rules, and intrinsic material property

effects such as interfacial energy. However, nanoparticle sintering has its own

unique characteristics. For example, it has been proposed that nonlinear diffusion

leads to different kinetic rates of diffusion for nanoparticle sintering, which in

turn results in different kinetic rates of sintering [10]. Compared to conventional

micron-sized or submicron-sized particles, the behavior of nanoparticles during

sintering is notably different with respect to the rate of densification and the tem-

perature range at which densification occurs. The densification of nanoparticles

is strongly affected by the excessive surface area of nanoparticles, agglomera-

tion of nanoparticles, and smaller pores. Although many of these factors also

impact the sintering of conventional micron-sized and submicron-sized particles,

the effects are more dramatic and magnified in the sintering of nano-sized parti-

cles. In addition, conventional sintering includes solid-state sintering and liquid

phase sintering in the broad sense; most nanoparticle sintering, however, focuses

on solid-state sintering. Liquid phase sintering is very limited for nanoparticle-

based materials. This mainly stems from the fact that liquid phase sintering

induces dramatic grain growth, which is seldom desired for nanoparticle sin-

tering. Understandably, nanoparticle-based material sintering is associated with

both advantages and disadvantages. The advantages include shorter diffusion

paths and enhanced diffusion by increased curvature of surfaces. The disadvan-

tages include higher agglomeration, packing inhomogeneity, and more adsorbed

foreign species on particle surfaces.

6.3.1 Designer Systems

Different from conventional micron-sized particles, nanoparticles are often syn-

thesized by carefully controlled processes with high-purity raw materials. As a
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result, the starting materials for sintering are often of very high purities. Impurity

effects on sintering are drastically reduced. Moreover, for nanoparticle-based ma-

terial sintering, there is usually a high motivation to keep the grain size <100 nm

in order to achieve improved or novel properties. In addition, nanoparticles have

a much higher content of surface species. These surface species are more active

than the bulk species because of the broken bonds and defects on the surface.

The interfacial reaction and interface chemistry of nanoparticles play a more

important role in sintering.

For the sintering systems that involve more than one kind of nanoparticles, the

incentive is often to achieve nanostructures and enhanced properties, not to lower

sintering temperatures or facilitate densification. Mixing homogeneity between

different compositions is theoretically better than the submicron- and micron-

sized counterparts. This is because the spatial distribution of different species is

much shorter. Since different species only need to diffuse <100 nm to interact,

the reaction rate for nanocomposites is much faster, and sintering can thus be

accelerated.

In addition to random mixing of different species, composite nanoparticles

often involve very specific distributions/arrangements of compositions. A typical

example is the core/shell structure. Different species are arranged in an ideal

pattern such that the shell thickness (composition ratio) becomes the dominant

factor in controlling the sintering process. If the shell is thick enough, then

sintering proceeds as if it were pure shell material. If the shell is thin enough,

then the reaction and diffusion of the core and shell species become important

and must be considered.

6.3.2 Particle Size Distribution and Packing Characteristics

For nanoparticles, a huge amount of specific surface area is available. The specific

surface area of nanoparticles with an average size below 10 nm can rise to several

hundred square meters per gram. This high surface area is accompanied by a large

amount of surface energy that needs to be effectively controlled, and better yet,

utilized to its advantage. Otherwise, very undesirable nanoparticle agglomeration

is spontaneous and sintering defects set in. On one hand, agglomeration consumes

the surface energy that should be expended on densification. On the other hand,

large interagglomerate pores have to be removed during subsequent sintering in

order to achieve homogeneous or full densification; nanoparticle agglomerate size

(and hence interagglomerate pore size), rather than the nanoparticle size, governs

the densification of the samples. When agglomeration causes a loss of contacts

or a reduction in coordination numbers in a particle packing before sintering,

the poorly packed region can mature into a critical defect if it is prevented from

healing.

For templated and assembled samples that show regularity in nanoparticle

packing, the sintering behavior is different from the randomly arranged nanopar-

ticles of bulk samples. This stems from the fact that each particle in the lat-

ter case has a different neighboring environment and thus different diffusion
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paths. Interestingly, the sintering behavior of these more controlled nanoparti-

cle arrangements aligns better with the classic sintering modeling predictions

as the sintering theories often assume ideal particle geometries and packing

structures.

Particle size distribution also plays an important role in nanoparticle material

sintering. For nanoparticles, it is a challenging task to obtain a narrow size

distribution during synthesis. This is because the high thermal and chemical

stabilities of nanoparticles (mostly oxides) after nucleation and growth inhibit

narrowing in size by the well-known Ostwald ripening process. Small grains

are stable against dissolution back into the solution, and controlled release of

reactant(s) is not effective in controlling the growth of large particles. Particle

size separation for nanoparticles in large quantities also does not exist. As a

result, a wide particle size distribution is common for nanoparticles, and some

particles can extend to submicron size. Because of the usually small population of

large-sized particles in a nanoparticle collection, they do not increase the packing

density substantially, but will act as the seeds for abnormal grain growth during

sintering. Even if a nanoparticle size distribution is desirably narrow, (random)

particle packing efficiency is low because of the high frictional forces between

nanoparticles; it is difficult to achieve homogeneous and/or high green density

samples, which is desired for sintering densification.

6.3.3 Complex Systems

Nanoparticle sintering can encounter more complex systems than conventional

sintering processes. For example, because of the low sintering temperature of

metal nanoparticles, the sintering of metal-polymer systems may become a real-

ity. Intermetallic compound sintering may become reactive. In addition, sintering

of nanoparticles into a bulk, fully dense component may not be the norm of

the requirements anymore. Nanoparticle sintering may involve constrained sin-

tering on films or substrates; or, the sintering process may involve sintering

nanoparticles into clusters. Also, nanoparticles may be sandwiched in-between

two substrates or their distribution may vary greatly, etc. Nanoparticles can also

act as a second phase in nanocomposite sintering [11–13]; they can disperse

in a matrix, inhibit the grain growth, and adjust the grain size and mechani-

cal properties [14–18]. For example, 5 vol% β-SiC nanoparticles with a size

<300 nm are added into 200 nm α-Al2O3 particles and sintered with a pulse

electric current under an applied pressure of 5.5 MPa and a vacuum of 6 Pa to

obtain a porous nanocomposite [14]. The starting particle mixture is ball milled

and sintered at 1000◦C for 15 minutes. The nano-sized SiC particles disperse

at the boundaries of Al2O3 grains. In comparison, pure α-Al2O3 particles are

sintered at 950◦C for 15 minutes. Both samples have sintered porosity around

20%. However, obvious neck growth appears in the pure Al2O3 sample, and the

grain size of Al2O3 in the composites is smaller than that of the pure Al2O3 sam-

ple. This phenomenon indicates that the SiC nanoparticles located at the grain
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boundaries of the Al2O3 matrix restrict the growth of the Al2O3 grains. With

SiC nanoparticle addition, the mass transport by evaporation–condensation and

surface diffusion is also inhibited by the second phase, which creates an extra dif-

fusion barrier. The refined microstructure reinforces the strength of the sintered

nanocomposites.

6.3.4 Phase Transformation

Nanoparticles are often synthesized at low temperatures or from nonequilibrium

processes. This produces nanoparticles at the metastable state or consisting of

polymorphic mixtures, precursors, or amorphous phases of the desired material.

For successful sintering, organic removal and nanoparticle phase transformation

to stable crystal structures are necessary. However, when these transitions do

occur, they are usually accompanied by significant microstructural changes that

have to be controlled. Otherwise, decomposition or phase transformation-induced

volume change can introduce a substantial amount of porosity/defects during

sintering. When prolonged sintering is used to remove pores for full densification,

coarsening will inevitably set in.

Al2O3-based porous ceramics with high surface areas are fabricated from

the mixture of Al2O3 and Al(OH)3 powders by free sintering at >1100◦C

[19–21]. The green body is obtained by cold isostatic pressing under a pres-

sure of ∼30 MPa. Sintering is conducted in an air atmosphere with a heating

rate of 1◦C min−1 at <1000◦C and a heating rate of 10◦C min−1 at >1000◦C.

The sample is held at the sintering temperature for 30 minutes and then cooled

down to room temperature at a rate of 10◦C min−1. The pore size distribution of

the porous Al2O3 sample is bimodal, with one peak at ∼100 nm and the other at

∼10 nm. The porosity is 40–60%. The Al2O3 grains produced by the decomposi-

tion of Al(OH)3 are several tens of nanometers in size. The fine pores (∼10 nm)

are located between these fine particles, and the large pores (∼100 nm) are the

channels between the large particles. The fine pores are formed due to the incom-

plete phase transformation of θ-Al2O3 (produced by decomposition of Al(OH)3)

to α-Al2O3. When the sintering temperature increases to >1200◦C, the fine pores

disappear because of the complete phase transformation of θ-Al2O3. Due to the

60 vol% decrease during the decomposition of Al(OH)3, the large pores in the

specimen prepared from the particles with Al(OH)3 are stable and grow when

the sintering temperature increases.

6.3.5 Lower Sintering Temperature

Generally, the sintering temperatures for nanoparticle-based materials are much

lower than that of their micron- or submicron-sized counterparts. This results

from the much smaller particle size and thus dramatically increased surface

area/energy. Sintering between nanoparticles can even occur during nanoparticle

synthesis, which is usually undesirable but will not be the topic of this chapter.
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During use, nanoparticle-based materials should be stable and further sintering

should be avoided. For example, sintering should be avoided for nanoparticle-

based sensors, catalysts, and hot gas filters. For the intended nanoparticle material

sintering processes, the high surface area that is partly consumed as the driving

force should be properly preserved because many applications also require this

characteristic to perform their functions. In other words, sintering itself should

not exhaust too much of the surface area.

Particle surfaces are known to have a higher concentration of defects and dan-

gling bonds than the interior of particles. As a result, the atomic mobility on the

particle surfaces is higher. Nanoparticle surfaces take up a much larger volume

fraction of the total sintering system than micron-sized systems. Collectively,

nanoparticles demonstrate a more activated sintering behavior and have a much

earlier onset of sintering temperatures. For many nanoparticles, the sintering on-

set temperature is in the range of 0.2–0.3 Tm (where Tm is the melting point of the

sintering species in Kelvin), as compared with the much delayed onset of sintering

temperature in micron-sized particulate systems, normally 0.5–0.8 Tm [22–24].

Several studies on the sintering of Y2O3 stabilized ZrO2 nanoparticles have shown

that sintering initiates at a temperature 200◦C lower than that of the micron-sized

particles [25–27]. An even greater temperature difference in sintering, 400◦C,

is reported for TiO2 nanoparticles compared to commercial micron-sized TiO2

particles [28]. Similar results are observed for CeO2 [29] and TiN nanoparticles

[30]. Sintering of tungsten carbide and cobalt (WC–Co) nanoparticle mixtures

shows that the entire sintering temperature decreases steadily as the initial aver-

age particle size decreases from 30 µm to 10 nm [31]. Rapid densification of iron

and copper nanoparticles starts at ∼200◦C lower temperatures [32]. A reduction

of the sintering temperature is also reported for tungsten nanoparticles [33, 34].

Nano-sized tungsten particles produced by high-energy mechanical milling dra-

matically decrease the sintering temperature from 2500◦C to 1700◦C. Tungsten

with initial sizes of ∼20 nm can be sintered to >98% relative density without

any pressure at 1100◦C in a hydrogen atmosphere [35].

Nanoparticle-based sintering systems also have much lower sintering

activation energies. This is often reflected by the lower sintering temperatures

discussed above. The activation energy for ZrO2 nanoparticles is <50% of that

for submicron ZrO2 particles [36]. ZnO nanoparticle grain growth activation

energy is <10% of that of the micron-sized ZnO particles [37]. In fact, these

energies can only be labeled as apparent activation energy. Multiple sintering

mechanisms may be operating simultaneously. This is especially true during

the early stage of sintering when no one clearly dominant mechanism can be

identified; the results calculated using the kinetic data give apparent activation

energy values, which are the combined contribution of multiple mechanisms. A

majority of studies point toward lower activation energies for the early stage of

sintering. This is reasonable due to the huge surface energy and the expected high

sintering activity of nanoparticles. From a different perspective, low sintering

temperature and activation energy of nanoparticles provide the added ability to

manipulate and tailor sintering that has not been possible before. For example,
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a high concentration of vacancies at the grain boundaries is beneficial for grain

boundary diffusion and pore removal.

Surface diffusion is one of the most cited mechanisms that contribute to

the sintering of nano-sized particles. However, its main contribution is grain

coarsening. When the grain coordination number reaches a critical value, some

pores may become stable and resist being removed. The shrinkage of a pore

cannot progress until the equilibrium condition is tipped in favor of sintering by

grain growth. Thus, surface diffusion can contribute to densification but indirectly

by disturbing the geometrical constraint for pores. However, excessive surface

diffusion means excessive coarsening and loss of desired fine microstructure,

which should be avoided.

Other interparticle diffusion mechanisms, other than surface diffusion, could

also contribute to coarsening of particles. In particular, there is a relaxation pe-

riod for migration, redistribution, and annihilation of defects due to the fact

that nanoparticles are usually at nonequilibrium states and likely contain excess

amounts of defects that are created during the synthesis of nanoparticles. Owing

to the nonequilibrium structure of nanoparticles, diffusivity is dramatically en-

hanced during the relaxation process, which may contribute to the grain growth

at the beginning of sintering (so-called dynamic grain growth). Dynamic grain

growth usually dominates during the heat-up stage and for the first few minutes

after reaching a preset isothermal holding temperature. Therefore, rapid dynamic

grain growth accounts for the experimental observation that the first grain size

data point during isothermal holding is several times of the initial particle size.

The relaxation time depends on material, nanoparticle synthesis method, and

temperature.

6.3.6 Larger Sintering Driving Force

A review paper by Fang et al. provides a good treatment of the sintering driving

force [10]. The thermodynamic driving force for sintering particles of any size

is the reduction of surface energy. Based on conventional sintering theories, the

driving force of sintering ρ ′ is given by

ρ ′ = γ κ = γ

(

1

R1

+
1

R2

)

, (6.17)

where γ is the surface energy of the material, κ is the curvature of the surface,

and R1 and R2 are the principal radii of the curvature. The driving force for

the sintering of nano-sized particles is, therefore, inversely proportional to the

size of the particles. This relationship leads to a much higher driving force for

the sintering of nano-sized particles compared to micron-sized particles. For

example, based on Equation (6.17), the driving force for 10 nm size particles is

two orders of magnitudes higher than that for 1 µm size particles.

The driving force for nanoparticle sintering can be even higher than the result

from Equation (6.17) if the nonlinear dependency of vacancy concentrations on
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the particle size is considered. During sintering, mass transport, usually mediated

by vacancies, is driven by the difference in vacancy concentration:

�CV = CV − CV 0, (6.18)

where CV is the vacancy concentration for a surface with curvature k, and CV0

is the vacancy concentration for a flat surface. Based on the Gibbs–Thomson

equation, the vacancy concentration for a curved surface is

CV = CV0 exp

(

−
γ κ�

kT

)

, (6.19)

where � is the atomic volume, κ is Boltzmann’s constant, and T is the absolute

temperature. For micron-sized particles, the term
γ κ�

kT
is much smaller than 1, so

Equation (6.19) becomes linear:

CV ≈ −CV0

γ κ�

kT
. (6.20)

However, when the particle size approaches nanoscale, the linear approxi-

mation is no longer valid. The correct expression for the driving force of mass

transport should be given as

CV = CV0 exp

(

−
γ κ�

kT

)

− CV0. (6.21)

Equation (6.21) shows that the driving force for mass transport during sintering

is a nonlinear function of the surface curvature, and it increases exponentially

when particle size decreases to nanoscale. This nonlinear relationship of the

driving force for nanoparticle sintering is expected to have a dramatic effect on

the sintering kinetics.

In the final stage of nanoparticle sintering, isolated spherical pores are situated

at the grain boundaries and, in particular, at triple junctions; grain growth is

affected by the remaining pores that pin the grain boundaries, which reduce the

kinetic rate of grain growth. Pores are considered to be a second phase with

an inhibiting force against grain boundary movement. Owing to the presence

of a large number of pores in the system at the beginning of the final stage of

nanoparticle sintering, the grain boundaries are at first dragged by the pores and

the rate of grain growth is slow. But as sintering proceeds, both the number

and the size of the pores decrease as a result of densification. When the density

reaches the specific value at which a grain boundary is able to break away from

the inhibition of the pores (i.e., pore/boundary separation occurs), grain growth

accelerates dramatically. So, the desirable scenario would be to allow the pores

to attach to the grain boundaries and be sufficiently removed before they become

trapped inside individual grains.
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6.4 POROUS NANOPARTICLE MATERIAL SINTERING

A variety of porous microstructures can be created by controlled sintering of parti-

cles. The degree of sintering depends on sintering temperature, time, atmosphere,

pressure, and the type and amount of sintering additives. Porous nanoparticle-

based materials are generally made with a large surface area, a high porosity,

and unique functional or structural properties [38–42]. For nanoparticle-based

superstructures, assemblies, and thin films, partial sintering is also more com-

mon than full density sintering in order to maintain the unique attributes of the

created structures. These materials are of scientific and technological impor-

tance because of their vast abilities to adsorb and interact with atoms, ions, and

molecules on their large surfaces (interior and exterior) and in the nanometer-

to micron-sized pores. Bulk nanoparticle-based porous materials have important

uses in various fields such as ion exchange membranes, separation filters, cata-

lysts, insulators, bone implants, sensors, and biological molecular isolations and

purifications [43–45]. They also offer new opportunities in guest–host synthesis

and molecular manipulation and reaction at the nanoscale.

While the solid phase needs to be continuous, the pore phase may be continuous

or discrete. If the pore phase is continuous, the pores are often open. If the pore

phase is discrete, the pores are often elongated and closed. The accessibility of the

pores and the internal surface area are important considerations in the sintering

process. For superstructures and assemblies, stabilization of the nanoparticle

packing can often be the leading reason for sintering. There is no strict definition

on the amount of porosity for nanoparticle-based porous materials. However,

the consideration generally excludes the particulate materials with only a couple

of percent residual porosity that cannot be removed by sintering. The highest

amount of porosity can be as high as 95%. The final products should have grain

sizes <100 nm. However, this aspect is often relaxed to include materials with

grains as large as 200 nm. In addition, there have been no strict limits on pore

sizes, which can range from nanometers to microns. While porous green samples

can be created through many different methods and at drastically different scales,

the fundamental aspects during sintering are basically the same as discussed in

Section 6.2 of this chapter.

Partial sintering has the desirable characteristics of simple equipment require-

ments, ability to sinter complex shapes, and low cost. However, how to tailor

sintering densification and grain growth is critical, as both proceed by lowering

the nanoparticle surface energy through chemical potential difference. Because

of this, other techniques have been developed to sinter porous materials by us-

ing nanoparticles as initial materials, and they can be classified into three main

methods: (a) partial sintering of green state nanoparticle-based assemblies or

packings, (b) pore forming sintering that relies on the gas reaction product(s)

to generate or tailor pores and porosity, and (c) template-directed sintering that

relies on a template to control the pore size, shape, distribution, and the sintering

diffusion paths.
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6.4.1 Partial Sintering

Porous nanoparticle-based materials can be obtained by maintaining the residual

porosity through partial sintering. For nanoparticle superstructures and assem-

blies, porous structures are achieved by sintering at low temperatures. For very

small particles, sintering can even occur at room temperatures [46]. For bulk

nanoparticle-based materials, partial sintering is mostly performed at elevated

temperatures to create porous materials. For example, in the classical sintering

approach, a two-step sintering method (a high temperature sintering step followed

by a prolonged isothermal holding at a low temperature) is often used to obtain

dense nanoparticle-based materials [47–49] (to be discussed in Section 6.5.1.2 of

this chapter) while one-step partial sintering can fabricate porous materials with

small grain sizes and low densities.

Silver nanoparticles exhibit sintering at room or slightly higher temperatures

when their surfaces are clean and without protective organic dispersants [50]. The

initial microstructures of the silver nanoparticles and the microstructures after

sintering at various temperatures for 30 minutes are compared in Figure 6.1 for

inkjet-printed lines. The initial silver nanoparticles of the printed lines exhibit

a self-aligned close-packed arrangement. The nanoparticles sintered at 60◦C

maintain the initial state, as shown in Figures 6.1a and b. Thus, a temperature

below 60◦C is too low to remove the dispersant from the silver nanoparticles,

and sintering of the nanoparticles does not occur in this temperature range.

On the other hand, the microstructure of the silver nanoparticles substantially

changes with sintering at ≥80◦C. Nanoparticles of 10–30 nm size can be seen

in the sample sintered at 80◦C. With increasing temperature, grain coarsening

becomes more drastic. The particle size distribution widens in Figures 6.1c–e.

In addition to large grains of a few tens of nanometers to 100 nm in size,

fine silver nanoparticles with ∼10 nm size remain. Thus, sintering of the silver

nanoparticles is nonuniform. This bimodal distribution of nanoparticles indicates

that some silver nanoparticles grow quickly by absorbing surrounding smaller

nanoparticles, which have a higher surface energy.

FePt and (FePt)95Au5 nanoparticles with an average size of ∼4 nm are sintered

at temperatures ranging from 250◦C to 500◦C for 30 minutes. The nanoparticle

arrays shrink and agglomerate during sintering, leading to a loss of positional

order with increasing temperature. Gold additives contribute significantly to the

sintering of the FePt nanoparticles. Since gold atoms have a low surface en-

ergy that favors surface segregation, the (FePt)95Au5 nanoparticle arrays have

a tendency to lose their positional order at lower sintering temperatures [51].

Copper nanoparticles of 5 nm size are inkjet printed and sintered at 250◦C un-

der a reducing atmosphere [52]. After sintering, a mixture of small and large

grains exists in the microstructure. The large grains are ∼500 nm, which is

roughly two orders of magnitude larger than the initial particle size. A crys-

talline silicon wafer with (111) orientation is extensively ball milled for up

to 72 hours, leading to a decrease in the average grain size to 15 nm. After

pressing at 400 MPa and sintering at 900◦C for 60 minutes in a high-purity
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(a) (b)

(c) (d)

(e) (f)

FIGURE 6.1 Microstructural changes of the silver nanoparticles observed by scanning

electron microscopy: (a) Initial state, sintered for 30 minutes at (b) 60◦C, (c) 80◦C, (d) 100◦C, (e)

150◦C, and (f) 200◦C [50]. (Reprinted with permission from Wakuda D, Kim K-S, Suganuma

K. Room-temperature sintering process of Ag nanoparticle paste. IEEE Trans Compon Packag

Technol 2009;32:627–632, Copyright 2009, IEEE.)
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argon atmosphere, a porous silicon structure with a uniform microstructure is

obtained [53].

For ceramics, bulk porous nanoparticle-based material sintering is more com-

mon. Porous nanocrystalline Gd-doped CeO2 is prepared by a one-step sintering

process from commercial 10 mol% Gd-doped CeO2 nanoparticles of ∼5 nm

size and 176.5 m2 g−1 specific surface area [54]. After being mixed through ball

milling and compacted through cold isostatic pressing, the green body is sintered

at 800◦C for 30 minutes with a heating rate of 5◦C min−1; this suppresses the

grain growth and results in porous nanostructured Gd-doped CeO2. The grain

size is limited to 30 nm and the porosity is 26%. Porous ZrO2 is fabricated by

compacting ZrO2 nanoparticles and partial sintering in air at 1100–1450◦C for

30 minutes with a heating and cooling rate of 10◦C min−1 [55, 56]. The average

size of the initial ZrO2 nanoparticles is 28 nm. The porosity ranges between

12% and 60% based on different compaction and sintering conditions. Since

ZrO2 nanoparticles have the inherent tendency for agglomeration, which cannot

be eliminated by ball milling, the green body of compacted ZrO2 nanoparticles

is composed of numerous ZrO2 agglomerates. During the sintering process, the

densely packed regions sinter faster than the loosely packed regions. Therefore,

nonuniform shrinkage occurs, which causes strains, voids, and crack-like flaws,

and results in degraded mechanical properties. An increase in the compaction

pressure of the green body can efficiently reduce these voids and flaws because

of the collapse and breakup of the ZrO2 agglomerates (Fig. 6.2). Addition of

Zr(OH)4 is another way to obtain uniform microstructures in the green compacts,

due to the space constraint of large Zr(OH)4 particles and an internal friction

between Zr(OH)4 hard agglomerates [56]. Zr(OH)4 decomposes into ZrO2 dur-

ing sintering, and porous ZrO2 ceramics with 400–800 MPa fracture strength are

(a) (b)

FIGURE 6.2 Scanning electron images of the surface structure of porous ZrO2 materials

after being sintered at 1200◦C for 30 minutes from (a) a green body compacted at 30 MPa

pressure, and (b) a green body compacted at 75 MPa pressure. The porosity of (a) is 47.4%, and

the porosity of (b) is 44.5% [56]. (Reprinted with permission from Deng ZY, Zhou Y, Inagaki

Y, Ando M, Ohji T. Role of Zr(OH)(4) hard agglomerates in fabricating porous ZrO2 ceramics

and the reinforcing mechanisms. Acta Mater 2003;51:731–739, Copyright 2003, Elsevier.)
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formed. There is no significant difference in pore coordination number throughout

the specimen, and the shrinkage is homogeneous.

As discussed, one challenge for nanoparticle-based material sintering is main-

taining nano-sized grains since nanoparticles experience extremely rapid grain

growth during the sintering process due to their high surface energy and large

sintering driving force [57, 58]. Sintering of nanoparticle-based composites pos-

sesses the advantage of efficiently controlling the grain size by either prohibiting

nanoparticle agglomeration and grain growth or by inducing chemical reactions

between different species. The porosity of the sintered nanocomposites can also

be tailored by using volume expansion from the reactions during the sintering pro-

cess [59]. For nanocomposite sintering, there can be one species [60] or multiple

species [59, 61] with nano-sized initial particles.

High-energy ball milling of powder precursors has been employed for the fab-

rication of porous materials [62, 63]. For example, applying high-energy ball

milling to an equimolar mixture of TiO2 (76 nm crystallite size) and ZrO2

(63 nm crystallite size) decreases the sintering temperature of ZrTiO4 ceram-

ics. The crystallite sizes from the oxides ball milled for 7 hours are between 5

and 7 nm. Before sintering, the ball-milled powder is compacted at 180 MPa.

After that, sintering is carried out in air for 8 hours at 1100–1400◦C with a heat-

ing rate of 23◦C min−1. Sintered morphology and porosity are dependent on the

sintering temperature. The nano-sized precursors allow the solid-state reaction

of the oxides to form ZrTiO4 at a temperature 200◦C lower than that of the con-

ventional solid-state syntheses. This facilitates the formation of small grain sizes

and small pores.

Sintering of SiO2–Al2O3 nanocomposite is conducted. In this system, SiO2

particles are 22 nm in size, while Al2O3 particles are 37.5 nm in size. The

SiO2 and Al2O3 nanoparticles are first mixed in water. With the introduction

of NaCl, the suspension experiences a gel formation process. The prepared gel

is then freeze cast and sintered at 1300◦C. The microstructure of the sintered

SiO2–Al2O3 nanocomposite is shown in Figure 6.3. The porous microstructure is

fabricated by the sublimation of ice crystals during freeze drying and then partial

(a) (b)

FIGURE 6.3 Microstructures of SiO2–Al2O3 nanocomposite sintered at 1300◦C: (a) low

magnification and (b) high magnification.
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sintering. The sintering process leads to the densification of the pore walls while

maintaining the nano-sized grains. Diffusion between SiO2 nanoparticles and

Al2O3 particles occurs and leads to pseudo-mullite formation. Compared to the

freeze cast green sample, the strength of the sintered SiO2–Al2O3 nanocomposite

is greatly improved without a certain loss of porosity.

6.4.2 Pore Forming Sintering

Higher porosities can be achieved by adding so-called pore formers. These pore

formers occupy some space during the shape forming process and are burned

off in the early stage of sintering. SiO2 nanoparticles (40 wt%) with a cationic

surfactant, tetradecyltrimethylammonium bromide, are made into a homogeneous

dispersion in an aqueous medium at pH 9. A foam is generated by using a

continuous bubbling of perfluorohexane-saturated nitrogen through a porous glass

disk. After 10 hours of drying under ambient conditions and free drainage, a

macroporous hybrid material is obtained in a monolithic state, while further

sintering at 650◦C leads to a pure inorganic monolith. Either polygonal (Fig.

6.4a) or spherical (Figs. 6.4b and c) SiO2 macroscopic cell morphologies are

obtained [64].

Nanoparticles can also act as a second phase and inhibit grain growth by chem-

ical reaction. Nano-sized La0.6Sr0.4Co0.2Fe0.8O3–δ (LSCF) and La0.8Sr0.2MnO3–δ

(LSM) oxides are synthesized by an in situ carbon-templating process with a

grain size of 20–30 nm. The LSCF-containing precursor is first calcined under an

oxygen deficient atmosphere at 900◦C for 160 minutes; the obtained powder is

then pressed into pellets, which are then sintered in air at 1000◦C for 5 hours. The

obtained composites have nano-sized pure phase perovskite with a crystalline size

as small as 14 nm. Carbon has a suppressing effect on the grain growth of per-

ovskite. Furthermore, when the in situ created carbon is applied as a template for

pore formation, a sintered perovskite is obtained [65]. A porosity as high as 75%

(a) (b) (c)

FIGURE 6.4 Scanning electron images of SiO2 porous materials at three different SiO2

nanoparticle suspension flux values at the foam’s top: (a) 0 g s−1, (b) 0.07 g s−1, and (c) 0.15 g

s−1. The scale bars represent 100 µm [64]. (Reprinted with permission from Carn F, Saadaoui

H, Masse P, Ravaine S, Julian-Lopez B, Sanchez C, Deleuze H, Talham DR, Backov R. Three-

dimensional opal-like silica foams. Langmuir 2006;22:5469–5475, Copyright 2006, American

Chemical Society.)
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FIGURE 6.5 Scanning electron surface morphologies of the porous LSCF sample by in situ

carbon templating and sintering at 1000◦C in air for 5 hours [65]. (Reprinted with permission

from Zhou W, Ran R, Shao Z, Jin W, Xu N. Synthesis of nanoparticle and highly porous

conducting perovskites from simple in situ sol–gel derived carbon templating process. Bull

Mater Sci 2010;33:371–376, Springer Science + Business Media, Fig. 8.)

is obtained, which is much higher than that prepared by the conventional process

(30–40%). By altering the oxygen concentration and dwelling time during the

sintering of the solid precursor under oxygen-deficient conditions, the amount of

carbon in the composite can be controlled. The porosity is then determined by

the amount of carbon in the carbon–perovskite composite. Figure 6.5 shows the

scanning electron surface morphologies of the sintered sample, which is highly

porous, with irregular pores varying from several microns to submicrons, and

to nanometers. The sintered porous sample has a high surface area for oxygen

surface activation during fuel cell use.

CeO2 is a stable ceramic even at high temperatures under a reducing atmo-

sphere. In contrast, SnO2 can easily be reduced to elemental tin and evaporated

since the melting point of tin is only 231.93◦C. The Gibbs free energies for CeO2,

SnO2, and H2O at 1000 K are –1186.13, –666.26, and 448.69 kJ mol−1, respec-

tively. Thus, CeO2 cannot be reduced to cerium in hydrogen, while the reduction

of SnO2 to tin metal is thermodynamically favored:

CeO2 + 2H2 = Ce + 2H2O �G = 288.76 kJ mol−1, (6.22)

SnO2 + 2H2 = Sn + 2H2O �G = −231.1 kJ mol−1. (6.23)

Based on this understanding, CeO2 and SnO2 are mixed. The SnO2 phase is

then evaporated during high temperature sintering, leaving behind an open porous

matrix of CeO2 [66].

Porous nanocomposites can also be obtained by taking advantage of unique

starting powders. During the sintering process, reaction might occur and can

be used to tailor the porosity of porous materials [67]. The shrinkage of the
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nanoparticles due to the reaction within the green body can lead to pores in

the sample. The distribution and size of the pores can be controlled by the

amount of the initial nanoparticles and the sintering conditions. Copper-coated

SiC nanoparticles (average diameter 120 nm) are sintered in ammonia or nitrogen

atmosphere, and porous or dense nanocomposites are obtained, respectively [68].

In the ammonia atmosphere, ammonia decomposes at high temperatures, and the

resulting hydrogen reduces Cu2O:

2NH3 → N2 + 3H2, (6.24)

Cu2O + H2 → 2Cu + H2O. (6.25)

Copper melts at 1050◦C in this system and coagulates to form large blocks. Since

the copper/SiC interface is nonwetting, segregation between SiC clusters and

copper blocks occurs and results in porous microstructures. In contrast, when

sintering is carried out in the nitrogen atmosphere, Cu2O remains in the system,

promotes the wetting behaviors between copper and SiC, and leads to the forma-

tion of dense nanocomposites. The porosity of the resulting porous nanocompos-

ites can be effectively controlled by modifying the sintering atmosphere.

Porous TiO2/SiO2 and TiO2/ZrO2 nanocomposites are fabricated using a

surfactant [69]. After hydrolysis of titanium isopropoxide (Ti(OPri)4) and

zirconium propoxide (or tetraethyl orthosilicate (Si(OC2H5)4)) with a surfactant,

decaoxyethylene cetyl ether (C16(EO)10), the precursor is sintered at different

temperatures from 350◦C to 800◦C. The well-dispersed silicon or zirconium in

the titanium matrix enhances the mechanical properties and thermal stability of

the porous nanocomposites (SiO2 or ZrO2 prohibits the phase transformation of

TiO2 from anatase to rutile). The second phases are also able to inhibit the grain

growth and allow TiO2 to maintain <10 nm size until 800◦C. As a result, the

surface area of the nanocomposite is much higher than that of pure TiO2 sample.

Porous nanocomposites can also be made by a reduction reaction dur-

ing sintering [70]. Tetragonal spinel CuFe2O4, formed by calcining CuO and

α-Fe2O3 at 1000◦C in air, is sintered at 360◦C in a hydrogen atmosphere. Copper

nanoparticles are synthesized by the reduction of CuFe2O4 and are well dispersed

in the fine Fe2O3 matrix:

3CuFe2O4 + 4H2 → 3Cu + 2Fe3O4 + 4H2O. (6.26)

Because of the immiscibility between copper and Fe3O4, the sintering of copper

nanograins is inhibited and the copper nanostructures are conserved. One possible

explanation for the formation of porous structure is the removal of oxygen. Pores

form in the Fe3O4 matrix as a result of loss of oxygen [70].

Macroporous 4 mol% Y2O3-stabilized nanocrystalline ZrO2 is fabricated by

colloidal processing using a commercially available nanopowder and polymethyl-

methacrylate (PMMA) sacrificial spheres as starting materials. Monolithic bodies
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FIGURE 6.6 Fracture surfaces of a sintered body fabricated by gel-casting with 1 µm

PMMA spheres after sintering at 1320◦C for 1 hour. The average grain size is 200 nm, the

average pore size is 460 nm, and the porosity is ∼10% [71]. (Reprinted with permission from

Cruz HS, Spino J, Grathwohl G. Nanocrystalline ZrO2 ceramics with idealized macropores.

J Eur Ceram Soc 2008;28:1783–1791, Copyright 2008, Elsevier.)

obtained by gel-casting of ZrO2/PMMA suspensions have homogeneous mi-

crostructures. After sintering, the grain size is <200 nm with a macropore diam-

eter at ∼1 µm and closed porosity varying between 10% and 20%. In Figure 6.6,

the microstructures (fracture surfaces) obtained from a porous sample sintered

at 1320◦C for 1 hour is shown at different magnifications. The microstructure

is characterized by 200 nm grains and pore sizes around 500 nm, with a total

porosity of ∼10%. The pores are perfectly closed, surrounded by 10–14 grains

(two-dimensional image) and immersed in a fully dense matrix [71].

6.4.3 Template-Directed Sintering

Different strategies have been adopted to control morphology, pore size, pore

size distribution, porosity, and connectivity of the pores in porous materials.

Template method is one of the most effective approaches for creating pores with

desired size, distribution, and geometry. It has been successfully used to produce
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uniform porous nanostructures (e.g., nanotubes and honeycombs). Nanocrys-

talline materials with well-controlled macropores are fabricated via colloidal

processing using mono-sized polymer particles as sacrificial templates [71–73].

Obtaining oppositely charged particle suspensions at similar pH values is the key

for the fabrication of such macroporous materials. After sintering, polymer par-

ticles are removed, and the porosity can be controlled by modifying the volume

ratio of nanoparticles to polymer particles.

During the preparation of polymer and nanoparticle suspensions, the nanopar-

ticles should be surface modified to adjust the absolute zeta potential of the sus-

pension to higher than 40 mV, which can be achieved by using short-chain organic

compound 3,6,9-trioxadecanoic acid for ZrO2 nanoparticles and polyethylen-

imine for Al2O3 and TiO2 nanoparticles. The sacrificial polymer particles, such

as poly(methyl methacrylate) (PMMA), need to have opposite surface charge and

large zeta potential versus the corresponding nanoparticles under the same pH

condition. The electrostatic attraction of nanoparticles and PMMA enables the

formation of stable core/shell composites of polymer/nanoparticles. The green

body is then formed by vacuum filtration of the suspensions and humidity-

controlled drying. The first step of the sintering process is to burn out the polymer

template. A high volume fraction of the decomposed organic gas might produce

macro-cracks because the diffusion rate of the generated gas molecules toward

the bulk surface is slower than their formation rate. Therefore, the burnout pro-

cess should be performed in air at very low heating rates (<0.2◦C min−1). For a

PMMA–Al2O3 nanoparticle system, after the PMMA removal, the Al2O3 (34 nm)

green body is sintered at 1100◦C for 2 hours with a heating rate of 1◦C min−1;

the pore size is 280 nm and the porosity is 75.5%, which is very close to the

theoretical porosity of close-packed spheres [72]. The total and closed porosities

decrease slightly with sintering temperatures. For ZrO2 nanoparticle suspension

(with 12 nm mean particle size) and 2 µm PMMA sphere sacrificial template, the

synthesized porous material has around 20% porosity after sintering at 1200◦C

for 4 hours [71]. The self-assembly of the polymer spheres enables the creation

of ordered and uniform three-dimensional porous materials [74, 75]. An ordered

three-dimensional TiO2 porous structure with ∼70% porosity is fabricated by sin-

tering a polystyrene (160 nm–1 µm) template with TiO2 nanoparticles (50 nm).

The pore size, wall thickness, and porosity of the materials can be controlled by

adjusting the size of the polymer and the ratio of polymer to nanoparticles.

TiO2 membranes with an average pore size of 3.3 nm are fabricated via a

template assisted sol–gel process, during which a triblock polymer is used as a

template to modify the properties of the sols and finally improve the separation

performance of the membranes [76]. Three-dimensionally ordered macroporous

(3DOM) tungsten(VI) oxide (WO3) is obtained with a high pore fraction using

ammonium metatungstate ((NH4)6H2W12O40) as a tungsten precursor:

(NH4)6H2W12O40 → 12WO3 + 6NH3 + 4H2O. (6.27)

In the presence of a colloidal crystal template of PMMA spheres, WO3 crystals

grow in the nanometer-sized voids between the PMMA spheres, and the specific
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surface area increases up to ∼30 times compared to nonporous WO3. The surface

area is tunable by changing the PMMA sphere diameter up to 500◦C. Higher

temperature sintering of the 3DOM WO3 produces WO3 nanocrystalline particles

by sintering-induced disassembly [77].

Mesoporous CeO2 nanoparticles (5–10 nm in diameter) are synthesized

through a hard-template approach using MCM-48 (an ordered, mesoporous SiO2

host structure). After removal of SiO2 by hot NaOH solution, the obtained meso-

porous CeO2 is a reverse-replica of the porous structures of MCM-48 with a pore

diameter ranging from 2.5 to 4 nm [78].

A sandwich-vacuum method is used to fabricate TiO2 binary inverse opals

with an open, porous structure [79]. Figures 6.7a, d, and g illustrate the detailed

microstructure of the resultant TiO2 binary inverse opals at number ratios of small

to large microspheres of 2, 4, and 8, respectively. These TiO2 binary inverse opals

exhibit highly ordered structure over large domains (>10 µm × 10 µm) with few

defects. Figures 6.7b, e, and h reveal two sets of pore structures with defined sizes

of ∼670 and ∼115 nm, respectively. In addition, an increase in the number ratio of

small polystyrene microspheres leads to three-dimensional-ordered macroporous

TiO2 structures with a higher porosity. The pores are formed at the sites originally

taken by the large and small polystyrene microspheres, and the trilayer solid

phase regions are the contact points of large polystyrene microspheres. For all

of the binary inverse opals, the average diameter of the macropores is ∼670 nm,

indicating an ∼33% contraction of the TiO2 binary inverse opals. This shrinkage

may be caused by both the melting of the polystyrene microspheres and the

sintering of the produced particles. The smaller, randomly distributed solid phases

are formed at the touch points of the small microspheres with the large ones. The

ordered large regions and random small regions indicate that the large polystyrene

microspheres are packed in face-centered cubic form, but the small ones are not

packed in a highly ordered fashion. By examining the distribution of the large

and small regions presented in the cross-sectional images (Fig. 6.7c and f), it can

be inferred that the general distribution of the small microspheres is in the body-

centered cubic structure and uniform. However, the arrangement of the small

microspheres in the interstitial spaces among the large microspheres is not as

highly ordered as those on the top layer. Figure 6.7f also demonstrates an ordered

structure along the <100> direction with 12 layers of pores. The cross-sectional

image of three-dimensional-ordered macroporous TiO2 at a lower magnification

(Fig. 6.7i) shows that TiO2 binary inverse opals over relatively large areas can

be obtained via this method. The average pore wall thickness is ∼50 nm and is

mechanically robust enough to maintain the integrity of the three-dimensional-

ordered macroporous structure. In comparison with the fabrication of TiO2 unary

inverse opals, the fabrication of TiO2 binary inverse opals is more complicated,

with a number of interactions and smaller interstices to be filled.

6.4.4 Special Sintering Processes

6.4.4.1 Microwave Sintering Microwave sintering uses electromagnetic

radiation with wavelengths ranging from 1 mm to 30 cm (frequencies of 300 GHz
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to 1 GHz) [80] to sinter nanoparticle-based superstructures and bulk materials.

The sintering process is different from electric resistance heating since heat is

generated in the bulk of the material through electromagnetic radiation absorption

such as ionic conduction, dipole relaxation, and photon–phonon interaction rather

than from an external source [81]. The use of microwaves allows the energy to be

(a) (b)

(c) (d)

(e)

(f)

FIGURE 6.7 Top and cross-sectional views of TiO2 binary inverse opals fabricated using

a sandwich-vacuum infiltration technique. The number ratios of small to large microspheres

are (a–c) 2, (d–f) 4, and (g–i) 8 [79]. (Reprinted with permission from Cai Z, Teng J, Xiong

Z, Li Y, Li Q, Lu X, Zhao XS. Fabrication of TiO2 binary inverse opals without overlayers

via the sandwich-vacuum infiltration of precursor. Langmuir 2011;27:5157–5164, Copyright

2011, American Chemical Society.)
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FIGURE 6.7 (Continued)

transferred directly into the materials without being consumed by the surround-

ing environment. Similar to micron-sized counterparts, microwave sinterability

depends on how much and how fast that microwave energy can be absorbed by

the material. The rate of energy absorption Wmicrowave can be expressed in terms

of watts per unit volume as [80]

Wmicrowave = ω · ε0 · ε
′

eff · E2
rms + ω · μ, (6.28)

where ω is angular frequency and equals 2π f (f is microwave frequency in hertz),

ε0 is permittivity of free space (8.85 × 10−12 farads m−1), ε′′
eff is effective

dielectric loss (dissipation) factor (unitless), Erms is root-mean-square of internal

electric field (volts/m), and Hrms is root-mean-square of magnetic field (A m−1).

The terms on the right side of Equation (6.28) refer to electric and magnetic

losses, respectively. Generally, the magnetic losses are negligible and only the

electric losses contribute to the absorbed power, which is proportional to the

microwave frequency and the dielectric loss factor. Furthermore, the dielectric

loss factor ε′′
eff increases with temperature and frequency for many low-loss

materials. Theoretically, higher microwave power frequency is desired for more
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efficient power absorption [82–84]. However, this advantage has not been widely

realized so far; the majority of microwave sintering is carried out at 2.45 GHz

because of the widespread availability of this microwave length for radar and

food processing.

Because microwave radiation heats nanoparticles by coupling with electric

dipoles and a primary location for such dipoles is grain boundaries, microwave

sintering is particularly effective in rapidly heating nanoparticle-based materials,

which have enormous surface areas and, subsequently, grain boundaries. Heating

rates in excess of 1000◦C min−1 can be achieved. This makes it a desirable tech-

nique to sinter porous materials without compromising grain sizes since the rapid

heating rate suppresses the surface diffusion and thereby minimizes the grain

growth. Due to volumetric heating and enhanced sintering kinetics, sintering can

occur at much lower temperatures with shorter processing time and reduced en-

ergy consumption. Microwave sintering can be 6–12 times faster and requires

only 5% of the energy used by conventional sintering processes [85]. Even low

dielectric loss factor hydroxyapatite nanoparticles of 35 nm size with 38% green

density have been sintered to >95% by exposure to microwave radiation for

only 5 minutes. The sintered grain size is 200–300 nm [86]. Using dielectric loss

specificity, selective sintering has been applied to a ZrO2 and Al2O3 nanocom-

posite; ZrO2 preferentially absorbs microwave energy, which leads to localized

heating. The resulting composite shows higher fracture strength under the same

density and indicates the accelerated neck growth of the ZrO2 phase [87]. Silver

nanoparticles of 30–50 nm size are microwave sintered on polymer substrates

for electronic applications [88]. The conductance of the sample substantially in-

creases (10–34% of the theoretical value of bulk silver) compared to that from

conventional heating methods.

In cases where the material to be sintered does not itself couple well to

microwaves, the compact can be embedded in a good susceptor such as SiC or

ZrO2 for heating. The susceptors are materials that have high dielectric loss factors

at low temperatures. This technique has been used to process TiO2 and Al2O3

nanoparticles, which have low dielectric loss factors at <500◦C. A heating rate

greater than 250◦C min−1 is achieved in these cases [89]. Microwave sintering can

also involve both microwave heating and radiation heating (microwave hybrid

heating) for improved efficiency. Microwave sintering of TiO2 nanoparticles

shows promising results compared with conventional sintering in terms of surface

area, crystalline phase, optical property, and morphology [90].

Another system fabricated by microwave sintering is Al2O3/ZrO2 nanocom-

posite [87]. The initial mean particle sizes of Al2O3 and ZrO2 are 150 nm and

50 nm, respectively. Since the microwave absorbency is sensitively dependent on

the change of dielectric loss factors of materials with heat, ZrO2 absorbs signifi-

cant microwave energy due to its great increase in dielectric loss factor from 25◦C

to 1000◦C [61]. Therefore, localized heating at Al2O3 boundaries (where ZrO2

is situated) can be realized by microwave sintering. The preferential neck growth

between grains is promoted by this selective heating, and the sintering temper-

ature is lower than that of conventional sintering for the same sintered density.
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(a) (b)

FIGURE 6.8 Typical fracture surfaces of the Al2O3/10 wt% ZrO2 composite with a relative

density of 55%: (a) conventional sintering at 1100◦C and (b) microwave sintering at 1000◦C for

15 minutes [87]. (Reprinted with permission from Oh ST, Tajima K, Ando M, Ohji T. Fabrica-

tion of porous Al2O3 by microwave sintering and its properties. Mater Lett 2001;48:215–218,

Copyright 2001, Elsevier.)

Figure 6.8 shows representative micrographs of the fracture surfaces of two com-

posites with a relative density of 55%; one is sintered at 1100◦C in the conven-

tional furnace, and the other is sintered at 1000◦C in the microwave furnace. In the

case of the conventional sintering (Fig. 6.8a), the grain size appears to be nearly

identical to that of the initial particles. On the other hand, the microstructure

of the composite fabricated by microwave sintering (Fig. 6.8b) is characterized

by the enhanced neck growth between the initially touching particles. This neck

growth is very likely attributed by the selective heating effect due to the differ-

ence in the absorbency of microwaves between the matrix and the second phase.

A porous nanocomposite of 55% density is obtained by microwave sintering at

1000◦C for 15 minutes, whereas 1100◦C is required for the same sintered density

for conventional sintering. In addition, the microwave-sintered nanocomposite

possesses higher elastic modulus and fracture strength due to the growth of grain

necks through surface diffusion.

Since microwave sintering involves no pressure or die constraint, it can sinter

complex geometries. Other advantages of microwave sintering include retention

of lower temperature crystalline phases and achievement of stronger bonds be-

tween adjacent grains [91]. However, microwave sintering is not suitable for

large samples. This is due to the nonuniform heating profile occurring inside the

microwave cavity. Microwaves can generate “hot spots” where heating is much

more rapid. Inhomogeneous heating can lead to inhomogeneous, unpredictable

microstructures as well as warping and cracking. These shortcomings are remi-

niscent of the problems encountered in the rapid-rate sintering using conventional

radiation sources, only with the reverse of density gradient direction. Another

undesired possibility is the uncontrollable local heating due to the temperature

sensitivity of the microwave absorption coefficient, causing melting or cracking

of the sample. Variable frequency microwaves can reduce the severity of hot
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spots and create multiple new hot spots, resulting in a much more homogeneous

heating profile; however, variable frequency microwave sintering is not widely

practiced because of the added cost of the technique. In addition to hot spots, the

heating rate by microwaves differs based on the sample geometry, specifically

the surface area to volume ratio. More heat is lost in the regions with a greater

surface area. Conversely, thicker samples heat up more quickly than thin sam-

ples [92]. A multimode cavity with adjustable power is beneficial for uniform

electromagnetic field distribution and large sample densification [93]. Neverthe-

less, the different heating rates based on sample geometries make microwave

heating difficult to model. An additional problem for microwave sintering is the

difficulty of measuring and controlling the sintering temperatures. This is due

to the difficulty in placing a contact thermocouple inside the microwave cavity

while sintering is in progress. Noncontact temperature measurement, such as

fiber optic pyrometer, is not well accepted in accuracy. It has been reported that

microwave sintering requires lower sintering temperature [93,94]. Without good

temperature control, this proclaimed advantage often goes unproved. Also, un-

controlled excessive heating can cause liquid phase formation and thus excessive

grain growth.

6.4.4.2 Electrical Sintering Many sintering processes relying on an elec-

trical current as an aid for densification have evolved. The electric current applied

may be pulsed or continuous. If the electric current is pulsed, pulses are often

repeated over a period of time. A pulse duration can be as short as milliseconds.

The current can range from 2 to 60 kA. Spark plasma sintering is the most widely

used electrically assisted sintering technique. Variations of spark plasma sintering

include plasma-activated sintering [95, 96], pulse electric current sintering [97],

and pulse discharge pressure sintering [98]. Traditionally, spark plasma sintering

has been used to sinter dense materials. In recent years, pressureless or low pres-

sure spark plasma sintering of nanoparticle-based porous materials has emerged.

The objective is to partially densify the materials.

During sintering, the particles are heated as the current or electromagnetic

wave passes through them. Direct heating occurs by Joule effect or conduction,

depending on the material and the heating stage. Particle surface activation and

increased diffusion rates in the contact zones are achieved by the applied current

or electromagnetic radiation. Current or electromagnetic wave generated heating

facilitates good interparticle bonding [99]. The debate about plasma existence

is still ongoing. It is widely believed that a pulsed current creates favorable

conditions for impurity removal and activation of particle surfaces. On a local

scale, electrical discharge, sparks, plasma, and electrical current concentration

may occur. Rapid heating results in bypassing of low temperature regions where

surface diffusion controlled sintering is dominant. This preserves the available

surface area to temperatures where densification diffusion is significant and the

corresponding mass transport is enhanced. Because of these desirable charac-

teristics, electrically assisted sintering enables fast sintering while maintaining

nanostructures.
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Electrical sintering is used to sinter silver nanoparticles of 10–20 nm size

[100]. Identical samples are also thermally sintered in an oven at 120◦C for

20 minutes. Scanning electron images show that the oven-sintered samples have

very small structural changes from the unsintered state, whereas the electrically

sintered sample exhibits significant neck formation and grain growth.

For conventional sintering with an electric current and an applied pressure,

it will be labeled as spark plasma sintering in this chapter, without going into

the details about the presence of plasma or not. High strength porous Al2O3 is

fabricated by spark plasma sintering using nanocrystalline Al(OH)3 (∼20 nm) as

the starting powder [101]. After the spark plasma sintering between 1000◦C and

1200◦C with a uniaxial pressure of 10 MPa and a heating rate of 175◦C min−1,

the volumetric decrease due to the decomposition of Al(OH)3 and the further

shrinkage due to the θ-Al2O3 to α-Al2O3 phase transformation lead to vacant

space near the decomposed particles. Thus, porous Al2O3 with porosity ranging

between 20% and 60% is fabricated after sintering. The low sintering temperature

and short holding time during the spark plasma sintering help to retain the

fine pores and narrow pore size distribution in the Al2O3 matrix [102, 103]. At

1000◦C and 1050◦C, the pore size distribution is extremely narrow and varies

between 3 and 50 nm. At ≥1100◦C, the pore size distribution becomes wider

and is around 100 nm. An increase in the pore size distribution has also been

observed with increasing pressure at a constant temperature of 1050◦C. Overall,

the pore size distribution becomes wider with an increase in sintering temperature

or pressure. This is contrary to the normally observed phenomenon that the

pore size distribution becomes smaller with increasing sintering temperature.

The explanation is likely related to the more active grain neck sintering for the

spark plasma sintering process. Due to the relatively low spark plasma sintering

temperature and pressure, the average grain size is retained around 50–150 nm.

The dominance of the neck growth of grains during spark plasma sintering also

leads to high fracture strength (150–300 MPa).

Al2O3/Al2TiO5 porous composites are produced by spark plasma sintering

using 20–45 nm Al2O3 and 20–50 nm TiO2 as raw materials [5]. Above 1280◦C,

excess TiO2 reacts with Al2O3 with an 11 vol% per mole expansion:

α − Al2O3 + TiO2(rutile) → Al2TiO5. (6.29)

Pores with an average size of 15 µm (ranging from 1 to 35 µm) are homoge-

neously dispersed in the composite matrix. Due to the use of nano-sized initial

particles and the spark plasma sintering technique, the composite possesses both

a porous structure and strong dense walls since necking between particles oc-

curs at relatively low temperatures under the electric current and pressure. The

resulting porous composites possess good mechanical properties, such as high

flexural strength, fracture toughness, Vickers hardness, and elastic modulus [59].

These improvements are attributed to the combination of homogeneous Al2O3

and TiO2 grains, the uniformly distributed pores, the stronger pore walls, the

more extensive necks between grains, and strengthened grain boundaries.
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(a) (b)

FIGURE 6.9 Scanning electron micrographs of the 3Y-ZrO2 = 10 mol% Al2O3, sintered

at 1100◦C with a heating rate of (a) 200◦C min−1 and (b) 30◦C min−1 [104]. (Reprinted

with permission from Yoshimura M, Ohji T, Sando M, Niihara K. Rapid rate sintering of

nanograined ZrO2-based composites using pulse electric current sintering method. J Mater Sci

Lett 1988;17:1389–1391, Springer Science + Business Media, Fig. 4.)

ZrO2 (containing 3 mol% Y2O3, denoted by 3Y-ZrO2) and 10 mol% Al2O3

dispersed 3Y-ZrO2 (denoted by 3Y-ZrO2 = 10 mol% Al2O3) nanocomposite par-

ticles are prepared using a sol–gel synthesis approach and sintered by a pulsed

electric current sintering method at 1100◦C for 5 minutes in a vacuum under

an applied pressure of 50 MPa. The heating rates are varied from 30◦C min−1

to 200◦C min−1. Figure 6.9 shows the microstructures of the 3Y-ZrO2 =
10 mol% Al2O3 composites sintered at the two rates to 1100◦C, and then rapidly

cooled down. The grain size of the composite sintered at 200◦C min−1 is signif-

icantly smaller than that at 30◦C min−1, supporting the advantage of rapid rate

sintering [104].

The sintering behaviors of nanoparticles can also be modified by other sec-

ondary phases [15]. Al2O3 (200 ppm MgO)/3 vol% ZrO2 composites are sintered

at 1000◦C, 1200◦C, and 1300◦C by pulse electric current sintering. ZrO2 grains

locate at the Al2O3 grain boundaries and constrain the Al2O3 grain growth.

Similarly, MgO and TiO2 dopants inhibit the grain growth and affect the grain

boundary mobility of Al2O3 according to the solute drag mechanism [16]. The

strength of the resulting sintered nanocomposites is greatly improved without a

significant porosity loss due to the neck formation and the enhanced contacts

between the grains during the sintering process.

The key advantages of the electrical sintering method include: (i) improved

heating, (ii) short sintering time, and (iii) ability to obtain a predetermined final

conductivity as an indication of sintering degree [100].

6.4.4.3 Laser Sintering Laser sintering uses a high power laser (e.g., a CO2

laser) to “fuse” nanoparticles into solid structures. The sintered material density

depends more on the laser peak power than on the laser duration. Since the lasers

have finite penetration depth into the nanoparticle-based materials, the technique

is most suited for thin films or layer-by-layer sintering processes. In addition,
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since the lasers have a limited temperature range, they cannot sinter very high

melting temperature materials. Composites with polymer contents are commonly

used to facilitate the sintering and bonding. Nonetheless, laser sintering can sinter

large surface areas quickly, or selectively sinter local areas on a large surface. This

can be much desired for nanoparticle-based superstructures or thin film systems.

Porous scaffolds are made using nanoparticles as secondary phases during

the sintering process. Selective laser sintering is effective in producing porous

nanocomposite scaffolds since sintering conditions such as laser power, scan

spacing, and part bed temperature can be adjusted [17, 18]. Carbonated hydrox-

yapatite (CHAp) of 20 nm size is added into poly(l-lactide) (PLLA) at 10 wt%

and sintered by a Sinerstation 2000 SLS machine to fabricate nanocomposite

microspheres [17]. Both pure PLLA and PLLA/CHAp composite samples show

a porous microstructure with a combination of macropores that are purposely

designed and micropores that are formed by partial sintering. In comparison, the

PLLA/CHAp nanocomposite scaffold has much smaller grain sizes, while the

PLLA scaffold displays a higher degree of fusion within the particles. This is

because the added CHAp nanoparticles locate on the boundaries of the PLLA and

produce an extra barrier against fusion and diffusion during the sintering pro-

cess. Calcium phosphate/poly(hydroxybutyrate-co-hydroxyvalerate) nanocom-

posite scaffolds (with calcium phosphate grain size in the range of 10–30 nm)

fabricated by the selective laser sintering process show similar results regarding

microstructure evolution [18].

6.5 DENSE NANOPARTICLE-BASED MATERIAL SINTERING

The paramount challenge in fully densifying nanoparticle-based materials is

maintaining the sintered grains at <100 nm size. In this regard, free sintering has

mainly evolved around improving nanoparticle packing characteristics, using ad-

ditives to tailor the diffusion rates, and modifying sintering schedules (customized

sintering cycles).

6.5.1 Free Sintering

6.5.1.1 Customized Nanoparticle Systems For nanoparticle-based sys-

tems that have been sintered to full density by free sintering, a strong correlation

between densification and starting particle characteristics, such as small particle

size and narrow particle size distribution, has been observed. Y2O3–ZrO2 parti-

cles of 10 nm size can be sintered at 1100◦C to >99% density with grain size

below 80 nm [105]. Separately, ZrO2 particles of 4–14 nm size are sintered to

full density [106]. The sintering success for both ZrO2 materials can be partly

attributed to the small starting nanoparticle sizes. Grain growth factor for ZrO2

is around 10 under the free sintering conditions. For many nanoparticle-based

materials that start with >20 nm particle size, such high grain growth factor will

undoubtedly push the sintered grain size into the micron range. For example, free

sintering of ZnO cannot maintain the grains at nanosize [107].
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In addition to the starting nanoparticle size and size distribution, high nanopar-

ticle packing (green density) before sintering is another critical factor to consider.

Due to the rapid grain growth tendency of nanoparticle-based materials, one nat-

ural approach to maintain nano-sized grains is to reduce the necessary sintering

densification by starting with a high green density. Based on Equation (6.6), this

means increasing the densification rate by increasing volumetric grain boundary

area A without accelerating and even possibly suppressing the grain growth rate

by eliminating the grain-pore interfacial area. This theoretical predication has

been verified by independent work on TiN and SnO2 nanoparticles [108, 109].

The low green density samples formed under conventional compaction show

rapid densification but at the expense of rapid grain growth. For the high green

density samples compacted under superhigh pressures, there is no excessive grain

growth. More importantly, the final-sintered densities are always higher for the

higher green density samples. As another example, a 60% dense Y2O3–ZrO2

sample compacted under 3 GPa pressure is sintered at 1050◦C for 5 hours to full

density while maintaining the grain size at ∼80 nm [110]. The desired densifica-

tion and grain growth behaviors are believed to be from the increase in contact

points and coordination numbers between the grains and the decrease in pore

size from the high green density. When phase transformation is involved during

sintering, Al2O3 serves as a good example to illustrate the green density effect.

When γ -Al2O3 nanoparticles are compacted at <3 GPa pressure, a microstruc-

ture containing a significant porosity sets in at all sintering temperatures due to

the development of a highly porous or vermicular structure during γ to α phase

transformation. When γ -Al2O3 nanoparticles are compacted at >3 GPa pressure,

there is no formation of the vermicular structure and nearly full density is obtained

with the grain size at 150 nm [111]. A different study shows that extruded γ -

Al2O3 can transform into α-Al2O3 after sintering at 1100◦C for 2 hours; α-Al2O3

of 99.4% density with a very fine microstructure is produced at low sintering

temperatures if the green density is optimized by improving particle packing to

68% density [112]. With high-pressure compaction, the sintering temperature can

also be lowered such that the phase transformation unavoidable in micron-sized

Al2O3 particle sintering can be eliminated. A pressure up to 3.0 GPa and liquid

nitrogen lubrication have been used to achieve dense and transparent γ -Al2O3

green compacts [113]. The transparent green compacts are further sintered in

vacuum at 800◦C for 10 hours, and bulk nanostructured γ -Al2O3 is obtained.

One approach to modify the grain boundary characteristics is to add a sec-

ond phase. The desired outcome is that the second phase will reduce the grain

boundary mobility while facilitating grain boundary diffusion. Dopants or lower

melting temperature species that form a liquid phase at sintering temperatures

are often used. Depending on the concentration of the doping element, fully

dense and nanostructured materials can be obtained. Y2O3 and Al2O3 are used in

the sintering of Y2O3–ZrO2 and Al2O3–ZrO2. The Al2O3 particles have 10 nm

size and the Y2O3 particles have <20 nm size. The ZrO2 matrix particles also

have 10 nm size. After 1100◦C sintering, the ZrO2-based composites have 30 nm

grain size with a full density. Such small grain size is believed to result from
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FIGURE 6.10 Relative density change as a function of sintering temperature for different

ZrO2(3Y)/Al2O3 nanocomposites [117]. (Reprinted with permission from Zhang Y, Chen J,

Hu L, Liu W. Pressureless-sintering behavior of nanocrystalline ZrO2–Y2O3–Al2O3 system.

Mater Lett 2006;60:2302–2305, Copyright 2006, Elsevier.)

a homogeneous distribution of Y2O3 and Al2O3 particles, hindering ZrO2 grain

boundary mobility and thus grain growth by pinning the grain boundaries [114].

Y2O3 is also used in nano-sized TiO2 to control grain growth [115]. Empirically,

the suppression of grain growth during sintering by pinning the grain boundaries

with second phase grains is successful when the starting particle size does not

exceed 30 nm. Also, weakly agglomerated or nonagglomerated nanoparticles are

an essential prerequisite for the homogeneous dispersion of the matrix nanopar-

ticles and the pinning phase. The desired condition for controlled grain growth is

that the secondary phase is well separated but not percolative [116].

ZrO2–Y2O3–Al2O3 nanoparticles are synthesized using a chemical coprecip-

itation method, compacted uniaxially, and sintered. A fully dense sample of

3 mol% Y2O3 stabilized ZrO2 (ZrO2(3Y)) and a 99% relative density sample

of 5 mol% Al2O3 doped ZrO2(3Y) are obtained after sintering at 1200◦C. The

presence of Al2O3 inhibits ZrO2 grain growth and suppresses the densification

process. Full densification is achieved for the ZrO2(3Y)/5 mol% Al2O3 compos-

ites sintered at 1250◦C. Figure 6.10 shows the variations of the relative density

of the ZrO2(3Y)/Al2O3 nanoceramics with the sintering temperature. The rela-

tive density increases with sintering temperature and is strongly dependent on

the Al2O3 content. In the samples without Al2O3, densification starts at ∼600◦C

and increases continuously. A fully dense ZrO2(3Y) sample is obtained after

sintering at 1200◦C; under the same sintering conditions, a relative density of

99% is attained for the 5 mol% Al2O3 doped sample. Figure 6.10 shows that the

densification is much slower in the samples with higher Al2O3 contents (10, 15,
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FIGURE 6.11 Effect of Al2O3 content on the density and grain size of ZrO2(3Y)/Al2O3

nanocomposites sintered at 1100◦C [117]. (Reprinted with permission from Zhang Y, Chen J,

Hu L, Liu W. Pressureless-sintering behavior of nanocrystalline ZrO2–Y2O3–Al2O3 system.

Mater Lett 2006;60:2302–2305, Copyright 2006, Elsevier.)

and 30 mol%). Even after sintering at 1200◦C, only relatively low densities of

96.3%, 95.2%, and 80% are obtained for the samples doped with 10, 15, and

30 mol% Al2O3, respectively. The effect of Al2O3 content on the density and

grain size of ZrO2(3Y) samples sintered at 1100◦C is presented in Figure 6.11.

The ZrO2 (3Y)/30 mol% Al2O3 sample after sintering at 1100◦C has a very small

grain size (30 nm), but at the cost of a relatively low density (75.7%) [117].

ZrO2(3Y) and CuO nanoparticles are prepared by coprecipitation and copper

oxalate complexation–precipitation techniques, respectively. During the sintering

of 8 mol% CuO-doped ZrO2(3Y) sample, several solid-state reactions influence

densification behaviors. A strong dissolution of CuO in the ZrO2(3Y) matrix

occurs below 600◦C, resulting in significant enrichment of CuO in the ZrO2(3Y)

grain boundary layer with several nanometers thickness. This “transient” liq-

uid phase strongly enhances densification. Around 860◦C, a solid-state reaction

occurs, forming Y2Cu2O5. This solid-state reaction induces the formation of ther-

modynamically stable monoclinic ZrO2 phase and retards densification. Using

this microstructural development knowledge during sintering, it is possible to

obtain a dense nano–nano composite with a grain size of 120 nm after sintering

at 960◦C for 20 hours (heating rate 20◦C min−1) (Fig. 6.12b). After sintering at

1130◦C for 2 hours (heating rate 15 C min−1), the sample shows a nonuniform

microstructure with irregularly shaped grains of ∼200 nm. Also, some pure CuO

grains are observed (e.g., the grain indicated by an arrow in Fig. 6.12a) [118].

In parallel to solid-state sintering that relies on dopants for grain growth sup-

pression, some hard-to-sinter nanomaterials, especially carbides and nitrides,

have been sintered by introducing a liquid phase. For example, two eutectic
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(a) (b)

FIGURE 6.12 Scanning electron images of 8 mol% CuO-doped 3 mol% Y2O3–ZrO2 com-

posites: (a) after sintering for 2 hours at 1130◦C (heating rate 15◦C min−1) and (b) after sintering

for 20 hours at 960◦C (heating rate 20◦C min−1) [118]. (Reprinted with permission from Win-

nubst L, Ranb S, Speets EA, Blank DHA. Analysis of reactions during sintering of CuO-doped

3Y-TZP nano-powder composites. J Eur Ceram Soc 2009;29:2549–2557, Copyright 2009,

Elsevier.)

additives, MnO2 SiO2 and CaO ZnO SiO2, are added into 5 wt% SiC/Al2O3

nanocomposite; densities up to 99% are achieved at 1300◦C [119]. Scanning

electron and transmission electron analyses show the presence of a residual glassy

phase along the grain boundaries. However, grain growth control has been a diffi-

cult problem for liquid phase sintering. For the above SiC/Al2O3 system, average

grain size drastically increases to microns when compared to the same matrix

nanocomposite processed without additives. Even for the Si3N4–Si2N2O tran-

sient liquid phase sintering system that is aimed to reduce liquid phase presence

time, the grain size still quickly grows to as large as 300 nm [120]. SiC/Si3N4

nanocomposites are processed by liquid phase sintering, but the Si3N4 matrix

grain is micron-sized. Densification of Si3N4 with nano-sized Al2O3 and Y2O3

incorporated in situ by a combustion process strongly accelerates the densifica-

tion [121]. The microstructure of the as-sintered components seems dense and

homogeneous; but again, the Si3N4 matrix grain is micron-sized. So far, the main

focuses of nanoparticle liquid phase sintering studies are to avoid pressure sinter-

ing and lower sintering temperatures. Often times, only the secondary phases are

nano-sized and the grain growth cannot be effectively suppressed. Densification

and coarsening occur concurrently and cannot be effectively separated.

6.5.1.2 Customized Sintering Cycles Substantial efforts have been de-

voted to devising different sintering schedules in order to fully densify

nanoparticle-based materials. The theoretical foundation can be traced back to

the constant C′ in Equation (6.6) and the constants KE–C, Ks, KV, SE–C, SS, and SV

in Equation (6.15). These constants represent intrinsic sintering material prop-

erties that change with temperature. By devising different sintering schedules,

grain boundary diffusion and volume diffusion densification mechanisms can be
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enhanced while evaporation–condensation, surface diffusion, and volume dif-

fusion coarsening mechanisms can be suppressed. Among different sintering

schedules studied are rapid-rate sintering, controlled-rate sintering, two-step sin-

tering, and combined stage sintering.

For many nanoparticle-based materials at high sintering temperatures, the ac-

tivation energy for densification is lower than that for coarsening; grain boundary

diffusion or volume diffusion densification becomes dominant and leads to more

effective densification. Based on this consideration, rapid heating to high tem-

peratures should be adopted in order to favor densification. If nanoparticles can

quickly pass the temperature range where surface diffusion controlled coarsening

prevails over densification, then densification should dominate the sintering pro-

cess. For 100 nm starting Al2O3 particles, the sintered grain size decreases from

875 nm to 443 nm when the heating rate increases from 2◦C min−1 to 25◦C min−1

while other parameters are kept the same [122].

To obtain high density or full density samples, the use of rapid-rate sintering

alone is limited, partly because densification and grain growth simultaneously

increase at peak temperatures. More frequently, rapid heating is used as the first

step in more complicated sintering schedules. Also, rapid-rate sintering processes

are only suitable for small or thin-walled articles. When this method is applied to

large size samples, a thermal gradient inevitably develops between the surface and

the core of the samples and subsequently retards the bulk of the sample from being

densified. For 3 mol% Y2O3–ZrO2 nanoparticle samples, a fast heating rate (such

as 200◦C min−1) severely retards densification in comparison to a slow heating

rate of 2◦C min−1 [123]. Microstructural evidence suggests that densification

rate greatly exceeds heat transfer rate in this material; consequently, the sample

interior is not able to densify before being geometrically constrained by a fully

dense shell which forms at the sample exterior [123]. Rapid-rate sintering is also

observed to severely retard the densification of indium doped tin oxide [124].

Similarly, it is postulated that the heat transfer rate in indium doped tin oxide

is much slower than the densification rate. Due to the differential densification,

the outermost region of the sample is well densified, while many large pores are

observed inside the densified ring.

Controlled-rate sintering uses densification as a monitoring parameter for

heating rate control. The main strategy is to maintain the open pore channels by

extending the intermediate stage of sintering so that the grain boundary can be

effectively impeded and pore removal through the grain boundary can continue

well into the >90% density range. Controlled-rate sintering is a theoretically

sound but practically difficult approach in controlling nano-sized grain growth

while encouraging densification. It requires extensive benchmark data on grain

growth and densification rate correlation in order to have a suitably prescribed

densification rate, and thus an optimal sintering schedule. Also, grain growth has

to be carefully controlled during long time high temperature sintering. So far, the

approach is limited to only a few systems without well-recognized success. It is

common to find that in controlled-rate sintering, the first stage usually involves

rapid-rate sintering.
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The third approach in nanoparticle-based material sintering by manipulat-

ing sintering schedule is two-step sintering. The success of this process is first

demonstrated by Y2O3 nanoparticle sintering. With nano-sized starting Y2O3

particles, the grain size is 60 nm for magnesium-doped Y2O3 and 115 nm for

pure Y2O3 after full densification [47, 48]. During sintering, Y2O3 is heated to

1310◦C at 10◦C min−1 and cooled at 50◦C min−1 to 1150◦C with no dwell. Full

density is achieved after holding at 1150◦C for 20 hours, during which there is

no grain growth. This approach is further corroborated by BaTiO3 and Ni–Cu–

Zn ferrite systems [49]. To succeed in the two-step sintering, a sufficiently high

density (at least 70%) should be obtained during the first step of the sintering

process, the high temperature step. The pore morphology achieved during the first

step, prior to the second step low temperature sintering, is very important. The

key is to effectively utilize the kinetic difference between grain boundary diffu-

sion and grain-boundary migration. The >70% density achieved during the first

step sintering preserves the pore-grain triple junctions and retards grain bound-

ary migration. During the second step sintering, the grain junctions and grain

boundary-pore junctions have a higher activation energy to prevent grain bound-

ary migration, but the temperature is high enough for grain boundary diffusion.

When the pores are subcritical and unstable against shrinkage at the appropri-

ate second step sintering temperature, grain boundary migration is much slower

compared to grain boundary diffusion, and sintering densification can proceed up

to 100% without excessive grain growth. The end result is enhancement of grain

boundary diffusion and suppression of grain boundary mobility. This approach

reveals again the importance of high particle packing density (this time achieved

by the first step sintering). Even though it has not been explicitly discussed, the

results are clearly consistent with the high coordination number and large grain

boundary area that Equation (6.6) calls for.

3 mol% Y2O3-stabilized ZrO2 nanoparticles of ∼16 nm size are two-step sin-

tered to ∼99% dense with an average grain sizes as fine as ∼65 nm. Sintering is

performed using a hybrid microwave/radiation sintering furnace that can be oper-

ated in either pure radiation or hybrid microwave/radiation mode. The microwave

frequency is 2.45 GHz, and a fixed microwave energy of 600 W is used through-

out the sintering cycle, with the amount of radiation power being varied to yield

the desired temperature–time profile. The two-step sintered samples are heated

at the same 7◦C min−1 rate to an initial temperature, but after only 0.1 minute

immediately cooled back down to a lower temperature as rapidly as possible

before holding for periods of up to 30 hours. For the single-step sintered sam-

ples, the sintering temperature is from 900◦C to 1150◦C, while for the two-step

sintered samples the initial high temperature is 1150◦C and the lower sintering

temperature after the prolonged holding is varied between 1000◦C and 1050◦C.

With radiation heating, there is a steady increase in grain size up to 90–95% of

full density when there is a sharp increase in grain size. This fits with the closing

of the porosity, at which point grain growth generally becomes significant. The

use of two-step sintering, however, clearly reduces grain growth while allowing

densification to continue. As explained before, to succeed in two-step sintering, a
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FIGURE 6.13 Nanostructures for the 3 mol% Y2O3-stabilized ZrO2 samples sintered by

hybrid microwave/radiation sintering. (a) End of first step sintering, (b) end of single-step

sintering, and (c) end of two-step sintering [125]. (Reprinted with permission from Binner J,

Vaidhyanathan B. Processing of bulk nanostructured ceramics. J Eur Ceram Soc 2008;28:

1329–1339, Copyright 2008, Elsevier.)

density ≥70% of the theoretical density should be obtained during the first step;

the benefits arising from this level of densification are related to the pores, which

become subcritical and unstable against shrinkage, rather than the density value

itself. For the radiantly heated samples, the rapid increase in grain growth begins

at densities of 90–95%, achieving full density with an average grain size ≥160 nm.

However, the combination of hybrid heating with the two-step sintering technique

results in the final grain size in the range of 60–80 nm while achieving densities

in excess of 99% [125]. Figure 6.13 shows the nanostructures for the 3 mol%

Y2O3-stabilized ZrO2 samples sintered by hybrid microwave/radiation sintering.

The two-step sintering approach is also used to enhance densification with

minimum grain growth for bulk nano-Si3N4 ceramics. Addition of Y2O3 changes

the primary phase, giving rise to β-Si3N4 with nanoscale grain size and near full

density without the Si2N2O phase. During the single-step sintering conducted at

1650–1800◦C with no holding, sintered densities between 76% and 98% theo-

retical are achieved. Grain size data suggest that grain growth is not significant

for single-step sintering up to 1750◦C due to the rapid heating rate and very short

holding time. With regard to the second sintering step, sintering for 20 hours

at 1450◦C does not yield significant grain growth, while sintering at 1500◦C

for 20 hours shows grain growth. The combination of a first step sintering at a
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(a) (b)

FIGURE 6.14 Scanning electron micrographs showing uniform Si3N4 microstructures with

12 wt% Y2O3 and 3 wt% Al2O3 additives. (a) Low magnification and (b) high magnifica-

tion [126]. (Reprinted with permission from Kim H-D, Park Y-J, Han B-D, Park M-W, Bae

W-T, Kim Y-W, Lin H-T, Becher PF. Fabrication of dense bulk nano-Si3N4 ceramics without

secondary crystalline phase. Scr Mater 2006;54:615–619, Copyright 2006, Elsevier.)

peak temperature of 1750◦C with no holding and a second step at 1450◦C with

a 20 hour holding yields 97% theoretical density with ∼67 nm grain sizes. The

microstructure of the sample sintered at 1650◦C, followed by sintering at 1425◦C

for 15 hours, is homogeneous (Fig. 6.14). Clearly, the two-step sintering cycle

does not lead to significant grain growth in the final stage sintering [126].

To utilize the full advantage of sintering schedules in encouraging sintering

densification and suppressing grain growth, a combination of rapid-rate sinter-

ing, controlled-rate sintering, and two-step sintering (also called combined stage

sintering) has been studied for the BaTiO3 system [127]. The process starts with

rapid-rate sintering to a certain temperature followed by controlled-rate sintering

to a high temperature. Then, the sintering system is quickly lowered to another

low temperature for extended thermal holding. This combined stage sintering

method is believed to facilitate the control of grain size and pore morphology.

The application of this sintering approach to pure BaTiO3 nanoparticles enables

suppression of grain growth during the intermediate and final stages of sintering,

achieving fully dense BaTiO3 with 108 nm grain size. The grain growth rate

increases drastically during isothermal sintering from 1.9 nm h−1 at 1050◦C to

18 nm h−1 at 1150◦C. There is a narrow temperature window that should be care-

fully controlled to avoid excessive grain growth. Still, the grain growth control is

a daunting task. The final sintered density can only reach 97.6% while maintain-

ing ≤100 nm grain size. If the sintered density is to increase to more than 98%,

the grain size drastically increases to 250 nm.

6.5.1.3 Remarks on Free Sintering By any measure, free sintering of

dense nanoparticle-based materials requires careful control of nanoparticle size,

nanoparticle packing, sintering additives, and sintering schedules in order to en-

hance sintering densification while suppressing grain growth. Even with the best
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efforts, pressureless sintering of dense nanoparticle-based materials remains a

challenging task. For nanoparticles, the starting nanoparticle size should be as

small as possible, preferably 10 nm or less. Also, the particle size distribution

should be as narrow as possible, almost definitely mono-dispersed. Otherwise,

coarsening can easily occur. Green density should be as high as possible, prefer-

ably higher than 60%. Also, the nanoparticles should be free from agglomeration,

which can create large defects and prevent full densification. Dopants are effec-

tive in suppressing grain growth. Efforts in studying dopants should be continued

with the premise that the additives do not introduce detrimental effects to the other

aspects of dense nanoparticle-based materials. However, liquid phase sintering

should be avoided if fast grain growth is unacceptable. For sintering schedule

control, two-step sintering and combined stage sintering are the most effective.

Rapid-rate sintering cannot effectively address the grain growth issues that are

active at all temperatures, especially at high temperatures.

6.5.2 Pressure Sintering

Since free sintering of dense nanoparticle-based materials is very challenging,

different strategies with external sintering driving forces have been evaluated.

Supplying additional sintering driving force is often viewed as an effective strat-

egy in densification to counter the rapid grain growth. Pressure sintering, which

includes hot pressing, hot isostatic pressing, sinter forging, and pressure spark

plasma sintering, can effectively achieve full densification for nanostructured ma-

terials by providing external sintering driving forces. Lower sintering temperature

and shorter sintering time can be used while achieving full densification. How-

ever, microstructural inhomogeneity and sintered shape limitation are difficult to

overcome. Pressure sintering also incurs more cost, and the densified microstruc-

tures may be anisotropic. Creep and contact flattening have been widely believed

to be responsible for densification.

6.5.2.1 Hot Pressing Hot pressing is the sintering process in a rigid die by

applying heat and a uniaxial pressure to loose or precompacted nanoparticles.

The radial direction experiences a smaller shear stress than the applied axial com-

pressive pressure, Papplied. The radial stress can be estimated as νPapplied, where

ν is Poisson’s ratio. For the densification rate in the axial direction, Equations

(6.4) and (6.6) can be modified to account for the externally applied pressure by

assuming no plastic deformation or creep:

dV

V · dt

∣

∣

d,HP =
AGB

V
·

1
√

2π Mw · R · T
·
� · Pflat

kT
((αGB · γGB

+ αV · γV )�H + αHP · Papplied · φ′),

(6.30)

dρ

ρ · dt

∣

∣

d,HP = C ′ · A · �H + CHP · A · Papplied · φ′, (6.31)
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αHP · Papplied · φ′ in Equation (6.30) represents the sintering driving force from the

externally applied pressure, αHP is the diffusion coefficient of the sintering process

due to hot pressing pressure, φ′ is stress intensification factor due to the particle–

particle neck geometry, and CHP is a system-related constant determined by hot

pressing stress and temperature. Since the compact undergoing sintering often

experiences plastic deformation or creep and is constrained in the radial direction,

the shrinkage rates are often not represented by Equation (6.30) or (6.31), and

the net shrinkage of the compact is often reflected in the axial dimensional

decrease only. Because of the anisotropic shrinkage, microstructural evolution is

nonuniform. Grain size increase tends to be more extensive in the radial direction

than in the axial direction.

For micron-sized particles, the typical hot pressing temperature and pressure

are up to 2000◦C and hundreds of megapascals. For nanoparticle-based materials,

the sintering temperature is generally a few hundred degrees centigrade lower than

that of the micron-sized counterparts, but the sintering pressure is much higher

because of the much higher frictional forces from nanoparticles. Hot pressing can

yield dense compacts with nanostructures [128]. However, a pressure as high as

gigapascals can be necessary to maintain the nano-sized grains. Nanoparticles of

nickel and ZrO2 (11 nm and 90 nm, respectively) are synthesized from NiO and

zirconium by high-energy ball milling. A highly dense nanostructured 2Ni–ZrO2

(mol%) composite is consolidated at 650◦C by high-frequency induction heat

sintering within 2 minutes of the mechanical synthesis of the powders (Ni–ZrO2)

under 500 MPa pressure. This process allows quick densification to near theoreti-

cal density and prohibits grain growth. The average grain sizes of ZrO2 and nickel

are about 12 nm and 31 nm, respectively [129]. MgO of 10 nm particle size is

hot pressed to 99.5% at 790◦C and 150 MPa, and <74 nm grain size is obtained.

An interesting finding is that not only the magnitude of the applied pressure

but also the temperature at which the pressure is applied is critical for effective

MgO densification. Higher shrinkage and shrinkage rate are obtained when the

pressure is applied at 550◦C rather than at room temperature [130]. It is believed

that at room temperature MgO nanoparticles have higher frictional forces; if the

gigapascal level pressure is applied at this point, it can lead to plastic deformation

induced pores and strain hardening. At elevated temperatures, frictional forces

may be overcome by surface diffusion; grain sliding is enabled and equiaxed

grains can be maintained without strain hardening. However, such pressure sen-

sitivity is closely related to the nanoparticle hardness and the magnitude of the

pressure applied. For nanoparticles with a high hardness, this phenomenon may

not be observed.

A high temperature and high pressure sintering method is adopted to fabri-

cate dense nanostructured BaTiO3. For the direct procedure sintering (pressed at

7 MPa and sintered at 6 GPa, 1000◦C for 5 minutes), there exist many “beams”

in nanostructured BaTiO3. The “beams” are composed of barium, titanium, and

oxygen. Using the three-step sintering method, that is, two times cold pressing

(pressing at 7 MPa followed by cold isostatic pressing at 3 GPa, grinding the

pellet into a powder and repressing it into a pellet at 7 MPa) followed by the
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FIGURE 6.15 Scanning electron images of nanostructured BaTiO3 ceramics. (a) 30 nm

grain size prepared by the direct procedure sintering with 10 nm starting particles, (b) 60 nm

grain size prepared by the direct procedure sintering with 50 nm starting particle size,

(c) 30 nm grain size prepared by three-step sintering method with 10 nm starting particle

size, and (d) 60 nm grain size prepared by three-step sintering method with 50 nm starting

particle size [131]. (Reprinted with permission from Xiao CJ, Jin CQ, Wang XH. The fabri-

cation of nanocrystalline BaTiO3 ceramics under high temperature and high pressure. J Mater

Process Technol 2009;209:2033–2037, Copyright 2009, Elsevier.)

high pressure and high temperature sintering at 6 GPa, 1000◦C for 5 minutes,

all the “beams” disappear. Moreover, dense nanostructured BaTiO3 with uni-

form grain sizes is obtained. The three-step sintering process is believed to be

effective in removing nanoparticle agglomerates and thus beam formation. The

scanning electron image of the sintered samples with 10 nm starting particle

size, fabricated by the direct procedure sintering, are shown in Figure 6.15a.

Without the cold isostatic pressing step, the grain size is about 30 nm. The di-

mensions of the “beams” are about 250–400 nm in length and 60–120 nm in

diameter, which are far larger than that of the grains. The average density of

the sintered samples is 94.5%. For the direct procedure sintering with BaTiO3

nanoparticles of 50 nm size (Fig. 6.15b), there also exist many “beams” in the

sintered nanostructured samples. The BaTiO3 grain size is 60 nm. The dimen-

sions of the “beams” are 600–1000 nm in length and 120–400 nm in diameter.

The scanning electron images of the BaTiO3 samples sintered by the three-step
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method are shown in Figures 6.15c and d for 10 nm and 50 nm starting particle

sizes. The samples exhibit homogeneous grain size distributions, and the grain

sizes are about 30 and 60 nm, respectively. The densities are about 96.1% and

97.2%, respectively. Moreover, the “beams” in the nanostructured BaTiO3 matrix

disappear [131].

As discussed earlier, phase transformation is common during sintering of

nanoparticle-based materials and presents challenges for densification. This prob-

lem applies equally to the hot pressing process. The well-known example is

Al2O3. Even with MgO addition (0.1 wt%) to suppress Al2O3 grain growth, the

Al2O3 phase transformation from γ → α increases grain size from 23 to 75 nm,

and hot pressing (1450◦C, 60 MPa) fails to maintain nano-sized grains [132].

In a different study, Al2O3 is fabricated without additives under high pressures

(2–7 GPa) at different temperatures (600–1200◦C) using 20 nm γ -Al2O3 nanopar-

ticles as the starting material. High pressure increases the nucleation rate while

reducing the growth rate of the transformed α phase so that Al2O3 grain size

decreases and nano-sized grains in the sintered structure are achieved. Grain size

of ∼200 nm and density of 98.0% are obtained under the sintering condition of

1000◦C at 7 GPa with a holding time of 1 minute.

Even though the problematic aspect of phase transformation in hindering full

densification of nanoparticle materials is known, one special type of hot pressing

can desirably utilize phase transformation to assist densification. The necessary

pressure is usually very high (on the order of a few gigapascals); however, to min-

imize diffusion, the densification temperature is desirably moderate (around 1/

3 Tm). This technique is called transformation-assisted sintering and only applies

to materials undergoing a phase transformation during the sintering process. The

transformation to the new phase must necessarily experience a significant volume

reduction. During sintering, the initial phase becomes metastable. By controlling

the nucleation and growth of the new phase at high temperature and pressure, a

nanostructure can be achieved after complete phase transformation. High pres-

sure is the necessary condition for fast nucleation and slow diffusion, thus, slow

new phase grain growth. Pressure on the order of 8 GPa can be applied to max-

imize the formation of nuclei of the stable phase. This combination of pressure

and temperature can produce sintered grain sizes even smaller than those of the

starting nanoparticles, contrary to the well-known sintering processes that often

result in increased grain sizes. Anatase TiO2 has been sintered via pressure in-

duced phase transformation at 445◦C and 1.5 GPa for 1 hour; the sintered sample

is 98% dense rutile phase with a grain size of 36 nm [133]. The anatase to rutile

phase transformation that begins at about 650◦C can be progressively lowered

as the pressure is raised. With increasing pressure during the phase transforma-

tion assisted sintering process, a continued grain refinement of the rutile phase

is observed [134]. Phase transformation-assisted sintering of γ -Al2O3 nanopar-

ticles has been carried out in a similar manner to obtain 98% dense α-Al2O3.

The grain size of the consolidated α-Al2O3 is <50 nm after sintering at 8 GPa

and 800◦C for 15 minutes, which stands as the smallest grain size for α-Al2O3

so far [135].
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Liquid phase sintering in combination with pressure sintering is another ap-

proach used to maintain nano-sized grains. For example, 30 nm SiC nanoparticles

are densified through combined hot pressing (30 MPa) and liquid phase sintering;

Al2O3 and Y2O3 are used as sintering aids. Dense SiC materials with a mean

grain size <100 nm are obtained after 20 minutes of sintering [136]. However, the

amount of the liquid phase needs to be carefully adjusted in order to combine liq-

uid phase sintering and hot pressing. The optimal liquid phase for the SiC matrix

is 10 wt%. For Si3N4 hot pressing at 1850◦C and 2 MPa, Y2O3 liquid phase con-

tent of 9 wt% induces extensive grain growth. The SiO2 surface layer on the Si3N4

nanoparticles is believed to contribute to the undesirable glassy phase in addition

to the Y2O3 liquid phase added [137]. In another case, dense 20 vol% TiN-Si3N4

composites are obtained by hot pressing at 1550–1800◦C and 30 MPa for 1 hour

with 3 vol% addition of Al2O3 and 5 vol% addition of Y2O3 as liquid phases.

The average TiN nanoparticle size is about 40 nm, but the Si3N4 matrix is in

the micron range [138]. Clearly, the most desirable approach is still to hot press

nanoparticles without additives. Amorphous Si3N4 of 18 nm size compacted

to 87% density can be densified without additives under high pressures (1.0–

5.0 GPa) and at 1600◦C [139]. A sintered density of 95–98% is obtained at tem-

peratures slightly below the onset of crystallization (1000–1100◦C) followed by

a slow density increase at higher temperatures, indicating significantly enhanced

densification of the amorphous Si3N4 at relatively low temperatures under a high

pressure. The clear distinction between these three Si3N4 studies is the higher

isostatic pressure used for the last one, resulting in a smaller grain size with high

densification.

For a different system, similar strategies apply. The densification of TiC-

10 vol% metal (cobalt, nickel, and iron) materials is accomplished within

2 minutes using a high-frequency induction heated sintering method under

80 MPa pressure. Highly dense TiC-metal (cobalt, nickel, and iron) compos-

ites with a relative density up to 99.9% are obtained. The average grain size of

TiC in the TiC-10 vol% nickel composite is approximately 44 nm [140]. Also,

material purity is critical for nanoparticle-based material sintering. The extremely

high free carbon content and low green density of the commercially available SiC

nanoparticles are responsible for their poor sinterability. Reduction in the free

carbon content by oxidation and control of the SiO2 content by acid treatment are

beneficial for enhancing the sinterability of the SiC nanoparticles during liquid

phase sintering. A grain size of ∼100 nm and a density of 95% are achieved for

the treated SiC particles containing Al2O3–Y2O3–CaO as the sintering additive

at 1750◦C and 25 MPa pressure [141].

Overall, hot pressing is a well-accepted nanoparticle material sintering tech-

nique. It requires equipment of moderate complexity while providing sintered

components with a high density and limited grain growth. Also, samples with

moderately complex cross sections can be sintered. However, hot pressing pro-

duces anisotropic microstructures, which has been well documented in the liter-

ature. The radial direction usually has larger grain size than the axial direction as

a result of the applied pressure in the axial direction.
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6.5.2.2 Hot Isostatic Pressing Hot isostatic pressing uses flexible dies and

hydrostatic pressure for densification. The sintering pressure is usually generated

by a pressurized inert gas, such as argon, nitrogen, or helium. The compaction is

applied to all surfaces of the sample in comparison to only two opposite surfaces

for hot pressing. Sintering densification rate can be expressed, again under the

assumption of no plastic deformation or creep, as

dV

V · dt

∣

∣

d,HIP =
AGB

V
·

1
√

2π Mw · R · T
·
� · Pflat

kT
((αGB · γGB + αV · γV )

×�H + αHIP · Papplied · φ′),

(6.32)

dρ

ρ · dt

∣

∣

d,HIP = C ′ · A · �H + CHIP · A · Papplied · φ′, (6.33)

αHIP · Papplied · φ′ in Equation (6.32) represents the sintering driving force from the

isostatically applied pressure, αHIP is the diffusion coefficient due to hot isostatic

pressing stress, and CHIP is a system-related constant determined by hot isostatic

pressing stress and temperature. Higher hot isostatic pressing pressure enables

faster densification. When the applied pressure is high enough to cause plastic

deformation or creep, the densification rate will be higher than those represented

by these equations.

A review paper has detailed the engineering aspect of hot isostatic pressing

[142]. With the understanding that hot isostatic pressing was developed and has

been mainly used for hard-to-sinter materials, it is still reasonable to say that its

applications to nano-sized materials are not as common as they should be. Hot

isostatic pressing of nanostructured oxides is best demonstrated by a 10 vol%

ZrO2–Al2O3 nanocomposite with the intent of using ZrO2 nanoparticles to reduce

Al2O3 grain growth. The nanoparticle mixture is cold isostatically compacted at

495 MPa and presintered at 1200◦C for 2 hours before it is hot isostatically pressed

at 1200◦C and 247 MPa. The sintered sample is 99% dense with <100 nm grain

size [143]. For the oxides that experience phase transformation, hot isostatic

pressing in general cannot provide the gigapascal level pressure required for

phase transformation-assisted densification. For example, hot isostatic pressing

(1400◦C, 200 MPa) of Al2O3–ZrO2 nanocomposite (27–50 vol% Al2O3) is stud-

ied [144]. The intent is to use the metastable to stable phase transformation of

ZrO2 for nanocomposite formation. Even though the sintered grains are mostly

smaller than 200 nm, grain growth is still obvious. Moreover, densification of

other oxides is not as successful as the Al2O3–ZrO2 composites. For example, a

TiO2 compact with 14 nm particle size is cold isostatically compacted at 2 GPa to

75% density and then hot isostatically pressed at 2 GPa and 1000◦C. Densification

is enhanced to 95% at 900◦C, but rapid grain growth to micron sizes sets in after

900◦C [145]. For 5.0 vol% nano-SiC/Al2O3 composite hot isostatically pressed

at 7–8 MPa, the average Al2O3 matrix grain size is in the micron range and only

the dispersed SiC is nano-sized [146]. Again, the relatively low pressure cannot
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FIGURE 6.16 Transmission electron micrograph of monolithic SiC sample created by hot

isostatic pressing [147]. (Reprinted with permission from Dong SM, Jiang DL, Tan SH, Guo JK.

Preparation and characterization of nanostructured monolithic SiC and Si3N4-SiC composite

by hot isostatic pressing. J Mater Sci Lett 1997;16:1080–1083, Springer Science + Business

Media, Fig. 2.)

provide a sufficient sintering driving force for grain growth control. Nano-sized

SiC is maintained by keeping the content below the percolation threshold for SiC

grain contact. Overall, hot isostatic pressing is not as widely applied to oxide nano-

materials as it can potentially be, and this trend shows no indication to change.

For nonoxides, hot isostatic pressing has been applied to both carbide and

nitride nanomaterials, as well as their composites. The relatively more active

research activities for these materials are likely facilitated by the knowledge

accumulated from the micron-sized counterparts. Nanostructured SiC is pre-

pared by hot isostatic pressing. A dense and homogeneous nanostructure with

∼100 nm grain size is obtained at 1850◦C and 200 MPa pressure after sintering

for 1 hour [147]. The glassy SiO2 layer on the SiC grains plays an important role

in obtaining the nanostructure shown in Figure 6.16. For Si3N4 hot isostatically

pressed at 1850◦C and 40 MPa, grain growth of two orders of magnitude occurs

due to the low pressure used [137]. High pressure hot isostatic pressing can

potentially maintain Si3N4 grains at nanoscale but has not been reported.

Si3N4/SiC nanocomposite is prepared using pretreated Si3N4 and SiC nanopar-

ticles; a dense and homogeneous nanostructure with an average grain size of

50 nm is obtained at 1750◦C and 150 MPa for 1 hour. The limited grain growth

is attributed to the heterophase compositions during hot isostatic pressing. The

existence of carbon in the nanoparticles benefits the removal of SiO2 along the

grain boundaries.

Hot isostatic pressing has the advantage of uniform densification in all di-

rections and can thus offer homogenous microstructures. The process can also

form components within precise tolerances and allows the formation of complex
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geometries while suppressing grain growth. These advantages are inherent in the

process itself and apply to materials of nano to micron starting particle sizes.

However, hot isostatic pressing has its own limitations. The well-known factors

are the complexity and high cost of hot isostatic pressing equipment. In addition,

there is a lack of container materials that have a softening temperature in the range

of 600–1100◦C, which is the sintering temperature range for many nanoparticles

[148]. Also, hot isostatic pressing is limited in achieving high pressures, mostly

only up to 200 MPa. This pressure level is far less than that of hot pressing (usually

up to gigapascal level) and is often not high enough to achieve densification while

controlling grain growth. Another important factor that should be considered in

hot isostatic pressing of nonoxides is the stoichiometry of the nanoparticles. For

example, the glassy SiO2 layer on SiC greatly facilitates SiC densification, which

has its pros and cons [147]. When lower melting temperature oxides exist, they

accelerate densification with glassy phase formation in-between the grain bound-

aries. However, these species may also form a liquid, accelerate grain growth, and

deteriorate material properties even though the overall densification is improved.

6.5.2.3 Sinter Forging Sinter forging is a combined superplastic deforma-

tion and sintering process. The technique is mainly used for ductile materials

such as metals. Since nanoparticles exhibit superplasticity at higher tempera-

tures, sinter forging has been applied to nanoparticle-based material sintering. In

comparison to other sintering techniques, sinter forging is not a mainstream sin-

tering process for nanomaterials. The external sintering driving force is similar to

that of hot pressing except that sinter forging may or may not have die constraint.

When there is no die constraint, nanoparticles need to be precompacted and/or

presintered into a coherent shape. During sinter forging, the compact can deform

extensively and impart a large shear stress. The axial stress causes shear creep

and a hydrostatic pressure. The hydrostatic pressure increases the sintering rate

while the shear creep reduces flaws, aligns grains, and produces a fine structure.

The radial dimension can increase instead of decrease when there is no die con-

straint. The large shear strains in the densifying body play important roles in

closing pores; the sliding between nanograins aids densification by filling pores

with grains and pore fragmentation. In other words, the large, “unsinterable”

pores can be filled by internal superplastic flow of the surrounding matrix under

the right temperature, pressure, and strain rate. Also, sinter forging without die

constraint eliminates pressure loss due to particle-die wall friction and creates

a state of shear stress that favors not only pore closure but also particle bond-

ing along collapsed pore interfaces, allowing more effective densification. As a

result, sinter forging solves one of the major problems for nanoparticles—poor

sintering behavior associated with agglomeration.

Early studies of sinter forging are mainly focused on simple oxides. Sinter

forging of ZrO2 nanoparticles at 950◦C and 300 MPa achieves 45 nm grain

size and full density [106]. Sinter forging of TiO2 from 550◦C to 750◦C and

<100 MPa can maintain grain size at 60 nm while achieving 97% density [115].

Such small grain sizes are remarkable in light of the tendency of nanoparticles for
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grain growth, even though part of the success can be ascribed to the nano-sized

starting particle size.

In addition to single-phase oxides, sinter forging also demonstrates its densifi-

cation capability for composites. One example is 3 mol% Y2O3–ZrO2 nanoparti-

cles of 8 nm size. Sinter forging can achieve 99% density and 85 nm grain size at

1100◦C for only 30 minutes [149]. The prerequisite is that the nanoparticles are

compacted at 400 MPa to “squash” the large pores. For ZrO2–Fe2O3 nanocom-

posite of 46–52% green density, sinter forging can achieve 80–85 nm grain size

at 1000◦C and 100 MPa pressure [150]. For free sintering densification, the same

composite compacted to ∼60% density still experiences excessive grain growth

to submicron size. For nonoxides, sinter forging of presintered Si3N4–Si2N2O at

1550◦C and 30 MPa for 1 hour is carried out and >98% density is achieved [120].

However, sinter-forging studies of other nonoxides are not widely reported.

In comparison to hot pressing, most sinter-forging studies are carried out at

lower pressures, generally at <300 MPa pressure. In the meantime, sinter forging

can achieve faster densification. However, there is little theoretical understanding

about the microstructural evolution during sinter forging. The main focus has

been on demonstrations of sintering densification feasibility. The disadvantages

of sinter forging are that the microstructure tends to be anisotropic, the technique

is not very effective for <20 nm nanoparticles because the required threshold

stress is very high, and too high a shear strain can damage the sample. The

microstructural shortcomings as well as the complexity of the sinter-forging

process limit its widespread application in nanoparticle-based material sintering.

6.5.2.4 Pressure Spark Plasma Sintering Pressure spark plasma sin-

tering is realized by subjecting the green compact to arc discharges generated

by a pulsed electric current and a simultaneous pressure. An electric discharge

process takes place on a microscopic level, increases local temperature, and ac-

celerates material diffusion. Sintering densification proceeds under a uniaxial

pressure and a high-intensity electrical discharge (from 2000 to 60,000 A in a

few milliseconds). The exact role of the current has been proposed by many but

has been doubted by others for lack of unambiguous experimental evidence. The

possible effects from the electric current include electron wind modification of

the diffusion flux (i.e., electromigration), increase in point defect concentration,

and reduction in the mobility activation energy for defects. Electric current can

also offer cleaner grain boundaries. With these in mind, spark plasma sinter-

ing has improved characteristics compared with conventional pressure-assisted

sintering processes, potentially because of the effects of spark plasma, spark

impact pressure, Joule heating, electromagnetic field, electromigration, surface

current, and rapid heating. The factors that influence spark plasma sintering

include pulse duration (on-time/off-time), peak current value, applied voltage,

repetition frequency, waveform, energy density, heating and cooling rates, and

vacuum/atmosphere control. When a spark discharge appears in a gap or at the

contact point between two particles, a local high temperature state of several to

tens of thousands of degrees centigrade is generated momentarily. This causes
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evaporation and melting on the surface of particles; “neck” is formed around the

area of contact between particles. The externally applied pressure is generally

30–200 MPa. The heating rate is 100–1000◦C min−1, which is much faster than

that of electric resistance rapid heating [123, 151]. High heating rates reduce the

duration of surface diffusion, this favors the sinterability of nanoparticle-based

materials and the densification is intensified by grain-boundary diffusion while

the grain growth is hindered [152]. Sintering environments can be vacuum, argon,

hydrogen, or air. Since no current or only a very weak current passes through

nonconducting samples, the discharge originates from the electric field of the

pulsed direct current used. The intensity of this discharge is not only dependent

on the intensity of the applied pulses but also on factors such as particle size,

pore size, and the density of the compact. Superplasticity and bonding quality of

the nanoparticles remarkably increase while experiencing Joule heating from the

current passing through them. This method has attracted considerable attention

as a rapid sintering method that has excellent energy density control. It is also

capable of producing highly dense and homogeneous, nanostructured sintered

components. Power consumption of the spark plasma sintering method is about

one-third to one-fifth of that of traditional sintering techniques, including clas-

sic pressureless sintering, hot pressing, and hot isostatic pressing. A constitutive

model for spark plasma sintering of conductive materials is developed by con-

sidering the contributions of sintering stress (surface tension), external load, and

electromigration to sintering shrinkage. It is shown that electromigration-related

material flux can be a significant component of the electric current-accelerated

diffusion [153].

An excellent review on spark plasma sintering is available [154]. Compared

to hot pressing densification Equations (6.30) and (6.31), an additional sintering

driving force is provided by the high electric current, which can be evaluated

from the electromigration theory:
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where αSPS · Papplied · φ′ in Equation (6.34) represents the sintering driving force

from the axially applied pressure, αSPS is the diffusion coefficient of the sintering

species due to the external stress, αe is the diffusion coefficient due to the electric

field, F is Faraday’s constant, z is the effective charge on the diffusing species,

E is the electrical field, CSPS is a system-related constant under the spark plasma

sintering stress, and CE is a system-related constant under the applied electri-

cal field. Similar to pressure sintering, the above densification rate prediction
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becomes invalid when plastic flow occurs. Also, the radial shrinkage can be zero

because of the stress applied and the die constraint.

Transparent hydroxyapatite is sintered at a pressure up to 500 MPa. Achieving

full densification at the minimized sintering temperature allows for the prepa-

ration of transparent hydroxyapatite with stoichiometric composition, avoiding

the loss of structural water that commonly takes place during the conventional

sintering methods [155]. Fully dense hetero-nanostructured (i.e., containing in-

termixed nano and micron grains) metallic (FeAl) materials are successfully

produced by spark plasma sintering when mechanically milled nanostructured

powders are used. This is due to the large temperature differences generated

during the spark plasma sintering, which locally modifies the recrystallization re-

sponse of the heavily deformed structure during sintering. Y2O3 addition delays

the onset of recrystallization and, thereby, produces microstructures containing

more than 80% of sub-500 nm grains [156]. One of the most distinct features

of spark plasma sintering is the much shorter sintering time. For example, SnO2

can be sintered to 92% density by spark plasma sintering in 10 minutes at 890◦C

versus 61% density in 3 hours at 1000◦C by conventional sintering. Since grain

growth takes time, the sintered grain size can be retained at nanoscale. Because

of this, materials such as AlN and hydroxyapatite can be sintered to transparent

state [157].

For oxides, both equiaxed and elongated nanoparticles have been successfully

densified while maintaining nano-sized grains. ZrO2 is sintered to full density

while maintaining the grain size at <100 nm [158, 159]. MgO nanoparticle

densification is achieved between 700◦C and 825◦C under applied pressures of

100–150 MPa. Fully dense and transparent MgO with 52 nm average grain size is

fabricated [160]. Hydroxyapatite particles of rod-like shape, with an average size

of 84 nm × 33 nm, are consolidated by spark plasma sintering to full density

at 825◦C for 3 minutes. The process yields hydroxyapatite nanograins with an

average size of 130 nm × 98 nm. The morphology of the nanorods changes to

a more equiaxed shape during sintering[161]. NiO with 20 nm particle size is

spark plasma sintered for 5 minutes at 100 MPa between 600◦C and 900◦C and for

different durations at 800◦C. Fully dense nanocrystalline compacts are obtained

after 20 minutes at 800◦C [162]. Nanocrystalline Y2O3 with 18 nm crystallite

size is sintered using spark plasma sintering at 1100◦C and 100 MPa for different

durations. Specimens with 98% density and 106 ± 33 nm grain size are formed

after 20 minutes. The grain size at the final stage of sintering first increases

and then stagnates with the spark plasma sintering duration. The nanostructure

consists of convex tetrahedron shaped nanopores at some of the grain boundary

junctions. Nanopore drag in Y2O3 leads to grain growth stagnation. Extended

spark plasma sintering duration up to 40 minutes leads to sudden grain coarsening

and loss of the nanograin character.

Fully dense β-Si3N4 is consolidated by spark plasma sintering. A commer-

cially available β-Si3N4 nanopowder is used as the starting material. Sintering is

carried out with a heating rate of 90◦C min−1 by varying sintering temperature

from 1550◦C to 1700◦C. Figure 6.17 shows the typical microstructure for each
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FIGURE 6.17 Scanning electron micrographs of Si3N4 specimen sintered at (a) 1550◦C,

(b) 1600◦C, (c) 1650◦C, and (d) 1700◦C for 4 minutes with a heating rate of 90◦C min−1 in

vacuum by spark plasma sintering [163]. (Reprinted with permission from Lee C-H, Lu H-H,

Wang C-A, Lo W-T, Nayak PK, Huang J-L. Microstructure and fracture behavior of β-Si3N4

based nanoceramics. Ceram Int 2011;37:641–645, Copyright 2011, Elsevier.)

specimen sintered at various temperatures for 4 minutes in vacuum by spark

plasma sintering. No significantly elongated grains are observed in these final

microstructures. Hence, β-Si3N4 with a lower aspect ratio is achieved. The fre-

quency distributions of grain length, grain diameter, and aspect ratio of β-Si3N4

grains for each specimen are evaluated by image analysis. In Figure 6.17a, the

average grain length is 101.7 nm and the average grain diameter is 49.2 nm with

an aspect ratio of 3.04. In Figure 6.17b, the average grain length is 110.6 nm

and the average grain diameter is 50.9 nm with an aspect ratio of 3.18. In Figure

6.17c, the average grain length is 125.7 nm and the average grain diameter is

58.6 nm with an aspect ratio of 3.19. In Figure 6.17d, the average grain length is

164.5 nm and the average grain diameter is 70.2 nm with an aspect ratio of 3.36

[163]. Increase in sintering temperature leads to not only grain size increase but

also aspect ratio increase.

For nitrides such as Si3N4, nanoparticles of 10 nm size are spark plasma

sintered at 1600◦C for 5 minutes at a heating rate of 300◦C min−1. The sample

is fully densified with homogeneous Si3N4 nanograins of ∼70 nm size [164].

Even with the consideration of the Y2O3 and Al2O3 dopants used, such small

Si3N4 grain size is uncommon for other sintering processes. Another example

of nonoxides by spark plasma sintering is carbide. Nanostructured β-SiC, with
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primary particle size in the range of 5–20 nm, is consolidated to 98% density

at 1700◦C and 40 MPa without additives [165]. The common theme for the

above Si3N4 and SiC studies is that high-energy mechanical milling is used to

produce nano-sized starting particles. This is consistent with computer simulation

prediction, which shows that at 800◦C and 150 MPa, MgO of 20 nm size may be

densified within 1 minute, compared to 8 minutes for 40 nm, and 10 minutes for

50 nm particle sizes [166]. These results are also consistent with the observations

made for pressureless sintering. Even for the well-pursued spark plasma sintering,

a grain growth factor of a few folds is common. Obtaining small particle size to

start with is a key factor in achieving nano-sized grains.

In addition to the single-phase nanomaterials discussed above, spark plasma

sintering is applied to nanocomposites and demonstrates microstructure refine-

ment capability. For hydroxyapatite-3 mol% Y2O3–ZrO2 composite sintered

by spark plasma sintering at 1150◦C and 50 MPa by heating the sample at

200◦C min−1 to the peak temperature, the ZrO2 grains are only about 50 nm, the

hydroxyapatite grains are ∼100 nm [167]. ZrO2 and hydroxyapatite grains dis-

tribute homogeneously. Because of the relatively low sintering temperature and

short dwelling time (3 minutes), the reaction between hydroxyapatite and ZrO2

that almost always occurs by other methods can be avoided. For nonoxide matrix

nanocomposite, Si3N4/SiC with grain size below 100 nm is obtained by using

amorphous Si–C–N particles and controlling the Y2O3 amount. With decreasing

Y2O3 content, the ratio of SiC to Si3N4 increases and the grain size decreases

from 150 nm to as small as 38 nm. The hindered grain growth is attributed to

the decreased involvement of the liquid phase [168]. For Ni–Co dispersed Al2O3

nanocomposites, marked refinement of Al2O3 grain size and homogeneous dis-

tribution of 90 nm Ni–Co are realized even though the Al2O3 matrix grain size is

at the micron level [169]. TiN/Si3N4 and TiC–SiC nanocomposites are also made

using similar approaches [170, 171].

From a different perspective, dense nanostructured materials are obtained

from micron-sized particles by spark plasma sintering. Dense Pb(Mg1/3Nb2/3)O3–

PbTiO3 with grain sizes of 20–100 nm is obtained from a starting powder of 1–10

µm in size. The significant microstructural refinement is attributed to a pulsed

electric field-induced thermo-mechanical fatigue process, which in situ “shatters”

the large particles into nano-sized grains during sintering. An advantage of this

technique over the previous ones is that it avoids the usage of nanoparticles [172].

Densification maps of spark plasma sintering for MgO nanoparticles are con-

structed using a hot isostatic pressing model [166]. Plastic flow and diffusion are

believed to be the dominating mechanisms at the first and final stages of densifica-

tion, respectively, whereas power-law creep does not contribute to densification.

Spark plasma sintering is mostly effective before pores become isolated. Af-

ter pores are closed, grain boundary diffusion and grain boundary migration

become the rate-determining processes. There are cases in which full densi-

fication of nanomaterials is not achieved, such as the hydroxyapatite-3 mol%

Y2O3–ZrO2 composite mentioned previously, which only achieves 97.3% den-

sity [167]. The other exception reported is antimony-doped SnO2 of 10–15 nm
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FIGURE 6.18 Scanning electron image of the fractured surface of a 3 mol% Y2O3–ZrO2

sample doped with 8 mol% CuO after spark plasma sintering at 1100◦C and 100 MPa for

1 minute [174]. (Reprinted with permission from Rana S, Vleugels J, Huangc S, Vanmeensel

K, Blank DHA, Winnubst L. Manipulating microstructure and mechanical properties of CuO

doped 3Y-TZP nano-ceramics using spark-plasma sintering. J Eur Ceram Soc 2010;30:899–

904, Copyright 2010, with permission from Elsevier.)

particle size, which is spark plasma sintered to 97% density but excessive grain

growth to micron size occurs during the final stage of sintering [173]. Surface

diffusion and evaporation–condensation mechanisms are known to be domi-

nant in SnO2 sintering, which can be the contributing factors for the above

observation.

Nanostructured composites of 3 mol% Y2O3–ZrO2 doped with 8 mol% CuO

are processed by spark plasma sintering. A 96% dense composite with an average

grain size of 70 nm is obtained at 1100◦C and 100 MPa for 1 minute. In contrast

to free sintering, the reactions between CuO and Y2O3–ZrO2 are suppressed

and the CuO phase is reduced to metallic copper, while the Y2O3–ZrO2 phase

remains almost purely tetragonal. Figure 6.18 exhibits a dense microstructure

and an average grain size of ∼70 nm. This value is significantly smaller than that

of the composite prepared by pressureless sintering (120 nm and several microns

for 960◦C and 1130◦C sintered samples, respectively). The inhibition of grain

growth is believed to be associated with the extremely fast heating rate and short

sintering time in combination with a high external pressure [174].

Summing the nanoparticle-based material spark plasma sintering studies so

far, there are several advantages that accrue from this process. First, the rapid heat

transfer and resistance heating of particles significantly shorten the high temper-

ature exposure of nanoparticles, which is essential for preserving the nanostruc-

tures. The rapid heating (100–1000◦C min−1) in spark plasma sintering enhances

the densification process, which usually occurs at high temperatures. Apart from a

very fast heating rate, it also allows for fast cooling rates, very short holding times
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(as short as 1 minute), and the possibility to obtain fully dense nanostructures at

comparatively low sintering temperatures, typically a few hundred degrees centi-

grade lower than in the conventional pressure sintering. The sintering pressure

for spark plasma sintering is lower than that of hot pressing and close to that

of hot isostatic pressing, typically ≤200 MPa, which might be limited by the

uppermost strength of the best available graphite molds. It is also applicable to

densifying a large variety of powder materials (conductive and nonconductive).

The materials include oxides, carbides, nitrides, and composites. These combined

advantages offer very limited grain growth. The grain size of the dense compact is

almost definitely smaller than that from other densification techniques. Another

advantage of spark plasma sintering technique is less sintering additives. This

mainly stems from the accelerated interparticle bonding by the electric pulses,

which make the reduction/elimination of additives possible. Spark plasma sin-

tering is the most effective densification technique for nanomaterials, whereas

other techniques might fail. One of the most remarkable features of spark plasma

sintering is the small grain size the process can maintain while achieving full

densification. However, spark plasma sintering also has its limitations. Because

of the rapid densification process and the existence of multiple sintering driving

forces, it is difficult to decouple the diffusion mechanisms and trace the exact

sintering processes. Most efforts are focused on achieving fully dense nanostruc-

tures without in-depth discussion of atomic diffusion or deformation processes.

Also, the vast majority of spark plasma sintering is based on samples with simple

shapes and small sizes, even though a continuous production of components of

complex geometries and >150 mm diameter pieces has been demonstrated, at

least partly for proof-of-concept and partly to demonstrate the untapped capa-

bilities of spark plasma sintering. Spark plasma sintering is not applicable to

every material. Sintering efficiency depends on the electrical properties of the

material being sintered [175]. The required electrical current, current source, and

current discharge rate are all system-specific and have to be studied for each

material. Another disadvantage is the expensive equipment involved, such as the

sintering setup and the special dies capable of imparting a high current to the

compact at elevated temperatures and pressures. Also, temperature gradient is in-

evitable in the samples. Under certain conditions, the difference may reach 450◦C

or more [176, 177]. This can result in differential densification and subsequent

microstructural inhomogeneities [178].

6.5.2.5 Other Sintering Techniques There are a few other techniques that

densify nanoparticles into bulk compacts but involve drastically different factors

than the sintering processes discussed so far. A typical example is plasma spray

forming. The sintering temperature, sintering driving force, and atomic diffusion

processes for these processes are not well characterized or understood. Here, we

only provide a brief description of the plasma spray technique to be inclusive.

Also, the research activities in these areas are very limited.

Plasma spray forming is a process in which particles are heated to plasma tem-

peratures and then propelled at a rapid speed towards a much cooler substrate. On
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contact with the substrate, the plasma is effectively quenched and fully sintered.

Forming and sintering are carried out in one step by melting, blending, and consol-

idation. Densification of the spray deposit is dominated by both solidification and

solid-state sintering. The densification maps for plasma spray forming have been

modeled after hot isostatic pressing and show that plastic flow is most prevalent

in the first stage of sintering, while diffusion is most prevalent in the final stage

of sintering. The model also shows that power-law creep, which is sometimes

present in hot isostatic pressing, has little or no effect on plasma spray form-

ing. Al2O3–ZrO2–TiO2, Al2O3–ZrO2–SiO2, and ZrO2–CaO–MgO–SiO2 layered

structures or composites are produced by plasma spray forming, but the parti-

cle sizes are in the micron range [179]. A substrate cooling technique has been

developed to retain nano-sized Al2O3 in the spray deposit. Al2O3 nanoparticles

are partially melted and trapped between the fully melted, micron-sized Al2O3

grains. Net shape and freestanding Al2O3 is fabricated [180, 181]. Near-net-shape

bulk MoSi2–Si3N4–SiC nanocomposite has also been consolidated using plasma

spray forming [182].

One of the advantages of plasma spray forming is the ability to sinter a part

while forming it. Since the material must go through a high temperature before

being sprayed, the structure of the material has the possibility to be homogenized.

The technique can be applied to multiphase materials by creating supersaturated

solutions that will precipitate out upon cooling of the plasma. This process also

allows for shorter sintering temperatures and suppression of grain growth by

extremely fast translation of particles through the high temperature zone (plasma

flame). However, plasma parameters need to be carefully controlled to avoid

melting of nano-sized particles. One of the biggest drawbacks of this method

is that it results in pancake-shaped grains. It may also be difficult to produce

complex shapes or thick samples.

6.6 SUMMARY

Nanoparticle-based material sintering has been the driving force for the advance-

ment of different sintering techniques. The challenges in densifying nanoparticle-

based materials while controlling grain growth have pushed the efforts to closely

examine the critical sintering factors and design effective sintering processes.

Each technique has its own strengths as well as limitations to meet the specific

needs of nanoparticle-based material sintering. One of the most obvious lim-

itations is the small sample size that nanoparticle-based material sintering can

densify due to the challenge of achieving uniform temperature and pressure, espe-

cially when fast heating is involved. Also, nanoparticle-based material sintering

needs to improve the processing efficiency with low complexity and cost.

At the fundamental level, there is a need to decouple densification and coarsen-

ing diffusion mechanisms. The relative contribution of each diffusion mechanism

should be assessed. The activation energy change of each diffusion mechanism

with temperature should be quantified. Efforts are desired to understand and
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control the evolution of nano-sized grains. Fundamental understanding of the

connection between nanoscopic evolution and macroscopic shrinkage needs to

be developed.

For porous nanoparticle-based material sintering, the discussion is broadly

divided into partial sintering, pore forming sintering, template-directed sintering,

and special sintering processes. Partial sintering simply sinters materials to a

density lower than the theoretical density and then terminates the process, some-

times with purposeful control of sintering rate. Pore forming sintering utilizes

pore-forming reactions to generate pores. For template-directed sintering, pores

are created during the forming process by sacrificial species. Special sintering

processes include microwave sintering, electric field-assisted sintering, and laser

sintering.

Dense nanoparticle-based material sintering may be carried out without pres-

sure (free sintering) or with pressure (hot pressing, hot isostatic pressing, sinter

forging, spark plasma sintering, and other special techniques). For free sintering,

either nanoparticle systems or sintering cycles can be specifically customized.

For pressure sintering, hot pressing, hot isostatic pressing, and sinter forging are

the extensions of conventional techniques to nanoparticle-based sintering sys-

tems. Spark plasma sintering is a more recent development and has been very

successful in producing fully dense nanostructured materials.

There is much work ahead in the field of nanoparticle-based material sinter-

ing. The prospects for further growth are evident with the expanding base of

nanoparticle-based materials and sintering techniques. The quantification of the

microstructure-processing-property links for increasingly complex nanoparticle-

based materials will remain a research focus. The beneficial impacts of the new

processing options include shorter processing times, unique nanostructures, and,

in the long run, improved properties.

QUESTIONS

1. During sintering, how can the large surface area for nanoparticles be utilized

to their advantages? If not properly utilized, what are the potential detriments

to sintering?

2. Based on the intrinsic characteristics of nanoparticles, explain the correspond-

ing strategies that can be devised to facilitate sintering densification.

3. How many sintering stages does porous material sintering generally involve?

Explain three strategies to maintain the porosity desired.

4. To obtain homogeneous, sintered three-dimensional nanostructures from

nanoparticles, what are the necessary conditions during forming and during

sintering?

5. Explain three ways that one can utilize for fully dense nanoparticle-based

material sintering.

6. What are the fundamental driving forces that accelerate spark plasma sinter-

ing? Explain in detail.
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CHAPTER 7

MANUFACTURING ISSUES

AND EMERGING AREAS

7.1 INTRODUCTION

There is considerable “art” in the current state of nanoparticle-based materials

synthesis, superstructure construction, shaping, and sintering, with repeatability

constituting one of the greatest challenges. This is mainly because nanoparticle-

based processing steps often push the limits of existing technical capabilities and

current knowledge base.

One challenge dealing with nanoparticle material processing lies with material

purity. Nanoparticle synthesis often requires highly pure chemicals to start with,

such as 99.999%. Since one nanoparticle may contain only a few tens or a

couple of hundreds of atoms, a few impurity atoms and their minor arrangement

details would influence the collective behaviors and properties of nanoparticles or

nanoparticle-based materials. Even with ultrapure starting materials and carefully

controlled processes, it may still be difficult to eliminate a few foreign atoms and

control the precise arrangement of all atoms in a nanoparticle. Slight changes

in temperature or humidity can cause atomic level packing and nanoparticle

variations.

Another challenge in nanoparticle-based material processing comes from the

scale-up process. Nanoparticles and nanoparticle-based materials of controlled

size and morphology have been made. However, materials made under real-world

conditions do not necessarily correlate with those made in ideal laboratory envi-

ronments. This is often caused by minute variations in composition, temperature,

Nanoparticulate Materials: Synthesis, Characterization, and Processing, First Edition. Kathy Lu.
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FIGURE 7.1 Room temperature photoluminescence spectra of silicon nanoparticles imme-

diately after preparation, after being stored in air for 1 month, and after being oxidized in pure

oxygen at 500◦C for 2 hours [1] (Reprinted with permission from Zhu XP, Yukawa T, Hirai

M, Suzuki T, Suematsu H, Jiang W, Yatsui K. Defect-related photoluminescence of silicon

nanoparticles produced by pulsed ion-beam ablation in vacuum. Appl Surf Sci 2005;242:256–

260, Copyright 2005, Elsevier).

or other environmental conditions in large, realistic systems. For nanoparticle-

based superstructures and bulk components, small variations in processing, com-

position, or defect density and distribution can dramatically change product

performance. Even storage/aging at ambient conditions can change the prop-

erties of nanoparticles and nanoparticle-based materials. Figure 7.1 shows the

photoluminescence (PL) spectra of silicon nanoparticles recorded immediately

after the deposition (as-prepared), after 1 month exposure to air, and after expo-

sure to O2 at 500◦C for 2 hours. The silicon nanoparticles are made by pulsed ion

beam ablation in vacuum [1]. For the as-prepared sample, photoluminescence

signals are too weak to be observed but become much stronger with prolonged

exposure time in air. For the samples exposed to air, the photoluminescence

spectrum clearly presents an asymmetric shape, composed of a primary peak at

455 nm (blue range) and a shoulder around 510 nm (green range). For the sample

thermally annealed in flowing pure O2 at 500◦C for 2 hours, the photolumines-

cence spectrum shows a great decrease in the emission intensity, as also shown in

Figure 7.1.

The third example challenge is that complicated electronics and high vacuum

capabilities are often a must for nanoparticle material processing and charac-

terization. Instability in the noise level, power supply, and vibration are often
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common causes of the randomness in the results. Advanced and more consistent

instrumentation will allow more reliable and pain-free processing and measure-

ment of physical dimensions, purity, properties, and functionality of materials.

This will in turn enable the process to be scalable, controllable, predictable, and

repeatable.

Based on the above understanding, measurement and quantification of

nanoparticles and nanoparticle-based materials will be discussed in this chap-

ter. Process and quality control will be analyzed in order to achieve repeatable

nanoparticle-based material processing. In addition, the state of the computer

modeling efforts will be assessed in the realm of verifying experiments and

predicting nanoparticle-based material behaviors under new circumstances. In

light of the widespread use of nanoparticle-based materials, the environmental

and health implications of nanoparticles and nanoparticle-based materials will be

examined.

7.2 DEFECTS AND MEASUREMENT

7.2.1 Defects

Current focus on the evaluation of nanoparticles and nanoparticle-based mate-

rial is mainly on physical characterization. This includes size, shape, morphol-

ogy, surface area, crystal structure, and composition of individual particles or

nanoparticle-based bulk samples. However, there is little effort on measuring the

defects inside nanoparticles or nanoparticle-based materials beyond the conven-

tional pore size, porosity, and grain level characterization. This is partly because

defect measurement for nanoparticle-based materials is difficult. The features

to be identified are at the nanoscale and smaller, which often tests the limit of

the measurement technique itself. More often than not, the nature of the defects

can be altered during sample preparation. How to detect, characterize, and trace

defects, which are often much smaller than nanoparticles themselves, is a matter

to be discussed. Under the assumption that these issues can be resolved, there

are three aspects of defects that need to be addressed: defect nature, size, and

population, as illustrated in Figure 7.2.

7.2.1.1 Defect Nature When examining the defects of a given sample, the

first question to be resolved is the nature of the defects. Is the defect an irregularity

in atomic packing? Is it a mismatch between different phases? Is it adsorption

of undesirable foreign species? Or, is it the metastable state of the material

itself? The follow-up question would be what the consequence of the presence

of the defects is. Will they serve as the reactive sites for interfacing with the

environment? Will they cause stress/strain in the material? Or, will they change

the electrical conductivity, light transmission, magnetism, or other properties of

the material?
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FIGURE 7.2 Different aspects of defects.

7.2.1.2 Defect Size Defect size can be understood as the scope or region

of the irregularity of the species arrangement or distribution. Is it atomic in

scale? Is it nanometer? Or, is it greater than nanoscale? Defect shape also needs

to be considered in the realm of defect size. Do the defects have linear shape,

two-dimensional shape, or three-dimensional shape? Is it circular if it is two

dimensional, or is it spherical if it is in three dimensions?

7.2.1.3 Defect Density Defect density can be understood as the number

of defects within a given space (either volume, area, or mass), which has a

profound impact on material performance. For example, quantum yield can be

substantially reduced when a quantum dot particle surface has too many defects

due to surface corrosion/oxidation. Do these defects distribute randomly or in

regular periodicity? Also, is the defect through the volume or simply along

a surface or an interface? Also, the residing locations of the defects should be

properly considered. However, the measurement of defect density is in its infancy.

Counting the number of defects is cumbersome and impractical. In addition,

defects may be buried inside materials and cannot be counted. There is a lack of

techniques for detecting them, let alone quantifying them.

Even with all these uncertainties, defects must be reduced or at least controlled

when they seriously compromise material performance. Since defects generated

at nanoscale are often random, unintentional, and untraceable, mitigation of de-

fects at the nanoscale is now almost exclusively done by trial-and-error. Because

of the lack of fundamental evaluation, description, and measurement of defects,

the strategies for properly controlling them have been elusive.
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7.2.2 Measurement

If a product or a sample cannot be measured, it cannot be manufactured. Addi-

tionally, if that product cannot be made repeatedly, it should not be manufactured

[2]. Measurements on the nanoscale often come with more uncertainty due to

the difficulty of locating and manipulating species exactly, especially at length

scales below ∼10 nm. In many experiments, the device that holds or measures the

nanoscale structure can also produce irreversible material changes. For example,

electron microscopy can produce defects in the nanostructure being imaged due

to the electron bombardment; during optical measurements, metal nanoparticles

are subjected to serious heating effects that can melt or destroy the nanoparticles

or nanostructures; and atomic force microscopy studies of nanoparticles or the

corresponding bulk materials may lead to structural reorganization. For liquid-

based samples, the necessary sample preparation steps for characterization can

fundamentally change the nature of the samples themselves. The most common

technique for measuring nanostructures, electron microscopy, requires that the

samples be removed from their natural environments, such as from solutions,

and placed on a grid under circumstances where aggregation and restructuring

can occur. This can fundamentally change the validity of the measurement itself.

In situ measurements are not available for many of the existing material systems

to alleviate some of these issues. For example, there is no tested technique to

measure the nanostructure of a self-assembled monolayer on a colloidal particle

in solution or defect evolution in a nanoparticle-based sample undergoing sin-

tering. In general, the measurements can be categorized into three categories, as

shown in Figure 7.3.

FIGURE 7.3 Interrelationship of various measurements at nanoscale.
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7.2.2.1 Composition For the composition measurements of nanoparticles

and nanoparticle-based materials, two levels need to be considered. One is the

stoichiometry of the designed composition itself. The other is the impurities

of the material system. In addition to the known composition characterization

issues and more exact need for the quantification of compositions, there are

some challenges at the nanoscale that are not encountered at the microlevel.

For example, doping in semiconductors is a well-established process. However,

random dopant concentration fluctuations become extremely important at the

nanoscale since the fluctuation of dopant concentration would be no longer toler-

able. Making the situation rather complicated is the location of the dopant atoms.

Surface atoms behave differently from center atoms and alter material properties.

With a typical doping concentration of 1018 cm−3, there will be just one dopant

atom in a device of 10 × 10 × 10 nm3 in size. Distribution fluctuation of dopants

can result in totally different functionalities of devices in such a size range.

The challenge is not only to achieve reproducible and given concentrations of

dopant atoms at the nanoscale but also to precisely control the location of dopant

atoms [3].

Because of the important but elusive presence, nature, stability, and influence

of defects and impurities, three-dimensional measurement of compositions with

atomic resolution is needed. Measuring an average composition over a region

(even as small as 10 nm) is not sufficient. Also, the statistical significance of

the measurements needs to be redefined and validated. Nanoparticle reference

materials of different medium, size, chemical composition, surface functionality,

shape, and charge will enable traceability, calibration, and validation of measure-

ments in nanomanufacturing.

7.2.2.2 Structure For crystal structure analysis at nanoscale, X-ray diffrac-

tion peak line broadening needs to be rigorously analyzed to avoid strain-induced

peak shifting. A mixture of crystalline and amorphous structures can make the

diffraction pattern indexing extremely challenging. For nanoparticles with an

amorphous surface shell, crystal structure identification may not be possible.

The same applies to heterogeneous microstructures of nanocomposites. When

nanoscale composition distribution needs to be characterized, X-ray diffraction

is not feasible. For electron diffraction, the region of interest needs to be carefully

chosen since only very small areas are analyzed. Also, the statistical significance

needs to be rigorously tested since the technique can only analyze very local

regions in a sample.

7.2.2.3 Surface and Interface Different from conventional particle-based

materials, large surfaces and interfaces are an indispensable part of nanoparticle-

based materials. The extremely large surface/interface area of these materials

dictates that the high content of species on the surface and at the interface cannot

be ignored in any given nanoparticle-based system. In addition, surface structure

and activity can be significantly different from those of bulk materials. Interfacial

properties and wetting characteristics require development of new measurement
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techniques. Buried interfaces/interphases at nanoscale can dictate the collective

electronic, magnetic, and photonic behaviors of the structures and devices and

need to be quantified. New approaches are also needed to measure dynamic or

unstable interfaces.

When reliable gauges are established, standardization for both nanoparticle

synthesis and bulk material processing is the prerequisite for reliable end products.

This will lay the stepping stone for the scale-up of nanoparticle-based material

manufacturing. Currently, standardized procedures are still needed even at lab-

scale, and a given sample cannot be produced the same way in different labs.

This hinders reliable comparison of the measurements made under real-world

conditions. Current measurements need to be updated and new measurements

need to be defined and developed to address these issues.

Another need at the horizon of nanoparticle-based material processing is mea-

surement verification and validation. For example, there are only a couple of

measurement techniques for composition analysis (mostly through composition

analysis modules on transmission electron microcopy or specific use of atomic

force microscopy), so the reliability and accuracy of the measurements need

to be carefully evaluated and calibrated. Currently, typical gauge-to-gauge dif-

ference for nanoscale measurements is at the same scale as the products to be

measured. Reference materials should be developed to validate new findings and

understanding. Often times, very specific materials are needed for such purposes.

Establishment of specific metrological capabilities and globally accepted stan-

dards for manufacturing and measurements of nanoparticle-based materials and

their properties is necessary. Comparing the measurements taken by different in-

struments and laboratories has been problematic because reference materials are

not available to ensure that different laboratories and techniques are transferable

in measurements.

Measurement for nanoparticle-based products also means gauging the

nanoscale structure, performance, and properties in a user-friendly manner. In-

struments capable of three-dimensional chemical and structural characterization

at nanoscale and platforms for simultaneously assessing multiple properties on a

single sample would be extremely beneficial. Techniques that can span multiple

length and time scales simultaneously are highly desired. Methods for measuring

and visualizing chemical dynamics (time-resolved chemistry) remain extremely

relevant. Improved resolution of measurement tools by orders of magnitude over

current capabilities is needed in order to probe local behaviors on the atomic and

molecular scale and correlate those behaviors with the macroscopic behaviors

of larger entities [2]. In situ measurement is also critical for quick feedback and

reliable processing. Currently, there are very limited nondestructive measurement

capabilities at <100 nm.

Besides improving the resolution and zooming in onto the nanoscale, new

measurement techniques need to be developed for new property evaluation. Cur-

rently, no techniques exist for examining and quantifying the number density

of dispersed nanoparticles, whether they are in a liquid solution or a gas phase.

Topological description of nanoscale grains or pore networks is nonexistent.
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Overall, the measurement of compositions, structures, and interactions at sur-

faces and interfaces with near-atomic resolution is critical. Ultimately, quantita-

tive measurement of chemistries and structures at the nanoscale and the linkage

of these measurements to processing parameters and end-use properties need to

be established.

7.3 PROCESS AND QUALITY CONTROL

Many challenges exist for the scale-up production of nanoparticles and

nanoparticle-based materials. Before a mass production process is implemented,

a robust quality control method should be established to provide inspection

methods, standards, nondestructive quality measurements, indicators of attribute

thresholds, methods for failure analysis, and other measurements. The critical

issues are the distribution of shape, size, surface charge/structure, and function-

ality within a batch and variation from batch to batch [2]. The slow advancement

in this regard is partly attributed to the segmented nanomanufacturing industry.

Because the applications of nanoparticle-related materials span from health care,

electronics, automotive, to aerospace, it is natural that different industries have

different standards and needs for different aspects of the process and quality

control. High-throughput characterization techniques that can be easily adapted

from one industry to another rarely exist. Linkage needs to be established first

to connect key, easily controlled process parameters to nanoscale morpholo-

gies/features that define a material’s performance. In this way, the understanding

of nanoscale features and properties can be effectively utilized to enable the cre-

ation of robust process control parameters that ensure repeatable manufacturing

processes [2].

For in-line and in-process quality checks, conventional electron microscopy

is not fast enough to provide the population statistics necessary to sufficiently

characterize nanoparticles or the corresponding bulk materials. Rapid, automated

techniques are currently lacking for the determination of the metrics that are ap-

plicable during and after the production of nanomaterials [2]. For quality control

in manufacturing, in-process tools are needed to measure such parameters such

as temperature, gas flow, and pressure. Real-time tools for monitoring the liquid

state of nanoparticles and nanoarchitectures as well as the self-assembly pro-

cesses, including three-dimensional methods capable of probing through layer

depths, are desired. Advanced instruments for characterizing nanoparticle-based

material properties nondestructively at the nanoscale spatial resolution are highly

needed. For a nanomanufacturing process to be repeatable, controllable, pre-

dictable, and operable at a reasonable scale, high-throughput characterization

methods, off-line at the minimum and in-process at the maximum, are needed.

Nanoparticle-based materials are complex systems, and their properties are

influenced by a multitude of variables that operate at different length scales.

There is a lack of fundamental understanding of the important variables con-

necting the structure, chemistry, and physics of nanoparticle-based materials to



402 MANUFACTURING ISSUES AND EMERGING AREAS

performance. Sometimes, it is even difficult to know what variables are impor-

tant for a given performance requirement. This lack of understanding leads to

developments based on trial-and-error and inhibits the timely development and

commercialization of these novel materials [2]. Process and quality control for

the scale-up of nanoparticle-based manufacturing should be tailored with targeted

performance in mind. Critical to the realization of robust nanomanufacturing is

the development of the necessary metrology and standards that can evaluate and

guide the nanoparticle-based manufacturing on a daily basis. These standards are

needed for consistent manufacturing and testing of nanoparticle-based materials,

verifying the purity of the materials as well as the quality and consistency of

the process. Integration of the instruments, their interoperability, and appropri-

ate information management is also critical and must be considered for viable

nanomanufacturing. The characterization techniques discussed in Chapter 3 can

serve as a road map for establishing these protocols.

Nanoparticle-based synthesis and processing technologies need to be devel-

oped to the point where marketing and manufacturing personnel can create a

simple bill of materials and warrant the items with confidence. Realizing these

advances will require accelerated understanding of material-processing-property

relations and the development of measurement science and standards. Develop-

ing a stable, reliable manufacturing process where all the significant variables are

properly considered is a challenge even for conventional material manufacturing,

let alone ones that contain various nanoscale species and structures [2].

7.4 MODELING AND SIMULATION

This book is focused heavily on the experimental aspects of nanoparticles and

nanoparticle-based materials. However, modeling and simulation can be a cross-

cutting and enabling tool for discovery, process design, and process control and

deserve more attention.

At nanoscale, many measurement and characterization techniques become

very costly or impossible. Computer simulation and modeling become ideal

tools for understanding material behaviors and predicting new properties. The

scale of attention fits the capabilities of many modeling efforts perfectly. The

interactions not detectable experimentally can be easily revealed and measured

by simulation. Modeling can represent and visualize the theoretical understand-

ing and/or the physical mechanisms related to the interaction of nanoparticles

with other materials and the effects of processing on morphology; modeling

can also provide predictions of the behaviors of nanoparticle-based materials at

the nanolevel.

The challenges for computer modeling and simulation are the very differ-

ent nature of the processing steps and the multiscale nature of the materials

themselves. Current computational methods and algorithms are not sufficient in

addressing modeling across multiple length and time scales. Nanoscale structures

and phenomena do not always vary with length in the same way. The quantum dot
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behavior, in which the colors of semiconductor nanoparticles vary with size due to

electron confinement effects, is associated with size on the few-nanometer-length

scale, whereas the variation of the color of metal nanoparticles with size due to

electrodynamic effects is associated with particles in the 10–200 nm regime. The

formation of covalent bonds is often highly localized, so small-scale interactions

have to be extrapolated to determine adsorbate binding energies that are useful

for much larger particles. There is a lack of integration tools for quantum, atom-

istic, meso, and macro (or finite element) length and time scales. This is a field

where no one type of theories can be used in all cases, and where the marriage

of theories associated with different length scales is still somewhat rocky. Most

of the problems are being addressed by pushing traditional theories, such as elec-

tronic structure theory and molecular dynamic theory, to systems that are much

larger than they have been traditionally calibrated for, and for which serious ap-

proximations need to be introduced to make the simulation manageable. In other

areas, continuum theories are pushed down to smaller length scales than they

were originally developed for, and again approximations need to be introduced

to make these new models produce useful results. Multiscale theories, in which

the atomistic and continuum scales are meshed together, are still limited, and the

application of such approaches to real systems is rare.

Computer modeling of nanoparticle synthesis and nanoparticle-based mate-

rial processing serves several critical roles. First of all, it offers design tools for

the formation, evolution, and interaction of nanoparticles and the correspond-

ing materials during processing. Second, it helps to illustrate design principles

and rules for nanoparticles and related bulk materials. For a simulation mod-

ule, the fundamental mechanisms and guiding processing principles have to be

researched and mathematically constructed. This helps to elucidate the under-

standing and validate the theories in the field. Third, it enables integrated and

predictive structure-property and composition-performance correlations. Fourth,

it validates experimental techniques and provides input for future improvement.

Since there is very little coverage of the modeling and simulation aspects of

nanoparticles and nanoparticle-based materials in this book, a few brief examples

are offered as follows to provide a glimpse of the topic.

A chemical vapor synthesis (CVS) process used to create nano-sized alu-

minum powder for various hydrogen storage materials is simulated by com-

putational fluid dynamic modeling. The fluid flow, heat transfer, and chemical

reaction phenomena taking place inside the reactor are analyzed together with

particle formation and growth. Chemical reaction rate and population balance

models are used to calculate the particle formation and growth. The temperature,

velocity, and particle size distribution fields inside the reactor are computed.

The particle size computed by the program is compared with the experimental

data, and the calculated average size of the final product particles is consistent

with that obtained in the experimental work [4]. The CVS of a WC nanopowder

from tungsten hexachloride (WCl6) is simulated by a two-dimensional multiphase

computational fluid dynamics model. A population balance model is coupled with

gas-phase equations to describe the formation and growth of WC nanoparticles.
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The model is validated with experimental data in terms of average particle size

and concentration of the unreacted precursor at the outlet [5]. However, the simu-

lation is mostly macroscopic without details on individual nanoparticle formation

and growth.

A mathematical model is developed to describe the dynamics of liquid-phase

synthesis of nanoparticles. The model predicts the time evolution of parti-

cle size distribution and supersaturation by employing a generalized single-

particle growth rate law that avoids some of the restrictive assumptions present

in most classical approaches of the problem. A moving boundary algorithm is

formulated using information about the mean and standard deviation of the dis-

tribution in order to update the grid. Discretization is performed at each time

step only at the domain that contains a significant amount of particles, thus in-

creasing the accuracy of the prediction. This approach is useful in simulating

the fast changes in the particle size distribution characteristics occurring in the

transition between the focusing and defocusing stages [6]. However, validation

by experiments is still needed.

Self-assembly of superlattices of semiconducting colloidal nanorods horizon-

tally and vertically oriented on substrates is modeled. The models include van der

Waals and Coulombic coupling between nanorods with intrinsic electric dipoles

and their coupling to the substrates with and without the effect of external elec-

tric fields on the self-assembly processes. The results indicate that the length to

diameter aspect ratio and the number of nanorods are the most important factors

that determine the type of the packing. These phase transitions can be efficiently

controlled by external electric fields (Fig. 7.4) [7]. As an example, without an

electric field, nanorods in the bilayer cluster with a hexagonal symmetry on the

substrate. The nanorod dipoles are vertically oriented in the antiferroelectric or-

der, which provides the lowest possible energy. With an electric field, nanorods

form a bilayer cluster with a hexagonal symmetry perpendicular to the substrate.

The nanorod dipoles are oriented in the ferroelectric order antiparallel to the field.

Numerous sintering models at atomistic, particle, and component scales have

been published. Molecular dynamics (MD) simulations are employed to inves-

tigate the mechanism and kinetics of the solid-state sintering of two crystalline

gold nanoparticles (4.4–10.0 nm) induced by low-energy laser heating. At 27◦C,

sintering occurs between two bare nanoparticles by elastic and plastic deforma-

tion driven by strong local potential gradients. The initial neck growth occurs

very fast (150 picoseconds) and is therefore essentially insensitive to laser irra-

diation. The classical diffusion-based neck growth model is modified to predict

the time-resolved neck growth with the diffusion coefficients and surface tension

extracted from the molecular dynamics simulation. The diffusion model under-

estimates the neck growth rate for smaller particles (5.4 nm), while satisfactory

agreement is obtained for larger particles (10 nm). The deviation is due to the

ultrafine size effect for particles below 10 nm [8]. Computations over a broad

range of temperatures and particle sizes have shown that particle sintering is

very dependent on size and temperature when solid-like, and considerably less

sensitive when liquid-like. The results have shown that solid-like particles sinter
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FIGURE 7.4 (left) Nanorods in the bilayer cluster with a hexagonal symmetry formed on

the substrate. The nanorod dipoles are vertically oriented in the antiferroelectric order, which

provides the lowest possible energy. (right) Nanorods in a bilayer cluster with a hexagonal

symmetry that are formed perpendicularly to the substrate in the presence of the electric

field. The nanorod dipoles are oriented in the ferroelectric order antiparallel to the field [7].

(Reprinted with permission from Titov AV, Kral P. Modeling the self-assembly of colloidal

nanorod superlattices. Nano Lett 2008;8:3605–3612, Copyright 2008, American Chemical

Society.) (For a color version of this figure, see the color plate section.)

by a solid-state diffusion mechanism while liquid-like particles sinter by a vis-

cous flow mechanism [9]. However, there are few studies focusing specifically

on nanoparticle sintering with the consideration of the unique characteristics

of nanoparticle interaction and diffusion [10]. Most microstructure models are

phenomenological and remain untested by comparison with experiments.

Given the current level of available computing power and resources, algorithm

efficiency is a barrier to the fundamental development and maturation of com-

putational models. Numerical methods and algorithms need to be developed to

describe surface chemistry, the interfacial properties between nanoparticles and

between nanoparticles and the host matrix, and the impact of functionalization on

the desired properties. Numerical methods that link the design parameters with

these nanoscale properties also need to be developed. The barriers for modeling

can be summarized as the following:

1. Lack of databases for modeling input.

2. Absence of tools and methods to bridge multiple time and length scales.

3. Deficiency of optimally fast methods for calculation of a large number of

atoms to predict structure and properties of nanoparticle-based materials.
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4. Incapability of formal statistical uncertainty analysis of modeling and sim-

ulation.

5. Lack of methodology for systematic intercomparison of codes used for

verification and validation.

6. Tools for modeling and simulation are often difficult to use.

7. Lack of methods to integrate and analyze large datasets.

8. Ineffective deconvolution techniques for analyzing nanoscale and atomic

data.

9. Shortage of systematically generated experimental data at all relevant time

and length scales for guiding and validating model development.

10. Lack of close collaboration between experts in high-precision measurement

and dedicated theorists and computer modelers.

Modeling and simulation capabilities must reach a level of maturity where

one can forecast processing capabilities and variations based on the nanomate-

rial’s fundamental parameters. Reliable and accurate modeling is the necessary

state for desired advancement and understanding of nanoparticle-based materi-

als (Fig. 7.5). Precursors to such confidence will be significant advancements in

Experiments

Advantages

1. Real world materials, processes, 
and results

2. Realistic time and length scales

3. Validate simulation results

Disadvantages

1. Costly, slow, or impossible

2. Convoluted effects from multiple 
factors

Simulation

Benefits

1. Simulate conditions that cannot be measured

2. Understand mechanisms

3. Visualize processes and structures that cannot 
be measured

4. Predictive

5. Design tools

6. Validate experiments and offer input for 
improvement

7. Affordable

Challenges

1. Multiple length and time scales

2. Approximations necessary to make the 
simulation manageable

3. Computation time can be very long

FIGURE 7.5 Comparisons between experiments and simulation for nanoparticle-based

materials.
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multiscale modeling, innovative algorithms to model over multiple length- and

time-scales for realistic system sizes, and more fundamental long-term algorithm

development. Experimentally validated models, increased access to high speed

computing capabilities, and improved portability of models on existing com-

puting platforms are catalysts for such improvements. These algorithms can be

drawn from the areas of quantum physics, chemical simulation, statistical sim-

ulation, and finite-element simulation. In addition, efforts should be put toward

correlating structural measures to mechanical, electrical, magnetic, thermal, and

optical properties and quality metrics.

7.5 ENVIRONMENTAL AND HEALTH CONCERNS

Nanoparticles and nanoparticle-based materials have the potential to unleash

innovations in numerous fields such as energy, electronics, environment, and

biology and lead to powerful technological and economic benefits. These mate-

rials are being used increasingly for commercial purposes such as fillers, opaci-

fiers, catalysts, semiconductors, microelectronics, cosmetics, and drug carriers.

Nanoparticles have been incorporated in hundreds of different types of prod-

ucts, and the novel properties of nanomaterials offer great promise to provide

new technological breakthroughs. However, materials in this size range may ap-

proach the length scale at which some specific physical or chemical interactions

with their environments can occur. As a result, possible undesirable results of

these capabilities, such as harmful interactions with biological systems and the

environment and the potential to generate toxicity, need to be carefully evaluated

and addressed. The establishment of principles and test procedures to ensure

safe manufacture and use of nanoparticle-based materials in the marketplace is

urgently needed.

So far, the concern has mainly evolved around nanoparticles, especially

air-borne nanoparticles. There have not been many concerns related to bulk

nanoparticle-based materials. The general notion is that if nanoparticles are not

free to move from one place to another, then the chance of them becoming toxic

in the environment or getting into the human body is low.

7.5.1 Environmental Concerns

The great diversity of nanoparticles being produced today brings not only many

industrial and consumer applications (such as car tires, sunscreen, and cosmetics)

but also a variety of unknown potential environmental effects. For example,

nanoparticles may become air-borne after being dried from a liquid system or

after being worn off from a nanoparticle-based bulk component. Due to the

unique physical and chemical properties of these manufactured and released

nanoscale species, they may behave very differently in the environment than

their naturally occurring counterparts. While there have been no major, direct

harmful consequences identified either by the manufacturer or user of these
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technologies, environmental and safety issues are of concern to all industries

and consumers employing or considering the use of nanoparticle-based products.

For example, it is well known that as a particle shrinks in size to the nanoscale,

the ratio between its surface area and mass increases. A material may exhibit

markedly different reactivity in nanoscale than that demonstrated in bulk-sized

equivalents. These changes in properties can be advantageous and provide results

for the realization and maturation of new applications. However, they can also

result in increased environmental hazards. Research is needed to assuage popular

fears and demonstrate both consumer and environmental safety.

The impact of nanoparticles on the environment can take on many different

forms. Often changes in the environment such as temperature and humidity can

result in aggregation or a shift in the particle size distribution. Even though

the process might be long or difficult to predict, nanoparticles emitted into the

environment will eventually be deposited on the Earth’s surface. Once coming into

contact with the Earth’s surface, nanoparticles have the potential to contaminate

soil, enter surface water or groundwater systems, or interact with biota. Biological

organisms may not have been in contact with anthropogenic nanoparticles over

the course of their evolution; consequently, these organisms (fish, invertebrates,

amoeba, etc.) have not faced any selection pressure imposed by the presence of

nanoparticles and may be susceptible to any risks that nanoparticles may pose.

Since industrial and consumer waste streams eventually lead to the natural aquatic

environment, it is inevitable that manufactured nanoparticles will be introduced

into surface water, and likely also groundwater systems, if this has not happened

already (Fig. 7.6).

FIGURE 7.6 Unknown interactions between the environment and nanoparticles.
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Nanoparticles may also undergo a series of evolutions in their life cycles. This

includes the degree of agglomeration, aerodynamic size, number concentration,

surface area, etc. When airborne, nanoparticles can affect air quality and get ab-

sorbed by different species. Such unexpected variations, if unaccounted for, can

have a significant effect on the available nanoparticle dose and on the interpre-

tation of any results obtained thereafter. Despite the current lack of knowledge

relating to which environments, and hence which organisms, are most likely

to be exposed to nanoparticles, the toxicological potential of nanoparticles on

a range of organisms cannot be ignored. The impact may span the breadth of

microorganisms, plants, invertebrates, and vertebrates, although relatively few

publications are available within each category. The toxicity of nanoparticles

to microorganisms has been widely studied in relation to the development of

antimicrobial agents and devices for use in the environment, in industry, and in

medical devices. However, the literature relating to the effects of nanoparticles

on plants, invertebrates, and vertebrates is scarce.

Data regarding the volume of nanoparticles produced globally is sparse and

sometimes contradictory. One estimate puts total production in the millions of

tons worldwide. Given the growth rate of nanotechnology over recent years and

the virtual lack of studies of the environmental impacts of nanoparticles, research

of this nature has recently become a focus of regulatory agencies and govern-

ments. Currently, no data exist on environmental concentrations of manufactured

nanoparticles. It is, however, important to proactively consider the potential en-

vironmental impacts of these pervasive nanomaterials.

7.5.2 Health Concerns

Consumer products that include nanoparticles are amongst the fastest growing

lines of nanoproducts; hundreds of such products are reported to be on the market

[11–14]. They are mainly used for antiseptic and odor-fighting by coating and

impregnating materials, such as: (1) paints, (2) home appliances (refrigerators,

laundry machines, and cooking utensils), (3) medical instruments (bandages,

catheters, and pacemakers) and drug delivery, (4) water purification, (5) clothing,

(6) antibacterial sprays, (7) personal care products (toothpaste, shampoo), and

(8) coating of electronics, etc. Considering these uses, nanoparticles can be

found indoors (in industrial and household environments) and outdoors (in the

vicinity of smelters, nanomaterial industries, wastewater treatment plants, etc.).

Nanoparticle-related products are an emerging area and have potential health

and safety risks throughout their product life cycles (Fig. 7.7). The health risk

of nanoparticles is a function of both their hazard to human health and their

exposure potential. It is prudent for companies to try to mitigate the potential

risks of nanoparticles during the design stage rather than downstream during

manufacturing or consumer use. Typically, toxicity is measured as a function of

mass, but when a material is reduced to the nanoscale, this metric is no longer

valid or reliable. Nanoparticles may be ingested, inhaled, injected, or absorbed

through the skin into the body. Thus, understanding the fate of these materials in
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FIGURE 7.7 Nanoparticle pathways into human bodies.

the environment and their chemical stability is an important step for predicting

scenarios of human exposure to nanoparticles.

Nanoparticle risks pose a new form of risk assessment challenges. Besides a

lack of data, there are deep scientific uncertainties regarding a risk assessment

framework: (a) particle characteristics that may affect toxicity, (b) particle fate

and transport through human bodies, (c) the routes of exposure and the metrics

by which exposure ought to be measured, (d) the mechanisms of translocation

to different parts of the body, and (e) the mechanisms of toxicity and disease. In

each of these areas, there are multiple competing models and hypotheses. These

are not merely parametric uncertainties, but about the choice of the causal mech-

anisms themselves and the proper model variables to be used, that is, structural

uncertainties.

There are still fundamental uncertainties about the specific physical and chem-

ical properties of airborne particles that cause health risks. Specifically on the

subject of air quality, it is known that inhaled airborne particles can lead to inflam-

mation of the respiratory and cardiovascular systems. Some airborne particles,

such as asbestos, have raised special concerns due to their shape, which can lead

to worse health effects. It is believed that physical and chemical particularities of

nanoparticles can also cause more intense health implications [15]. It is known

that damages to the respiratory system increase as particle sizes decrease, notably

within nanoscale [16]. Potential health effects of inhaled nanoparticles include

asthma complications, chronic bronchitis, and respiratory tract infections. There

is a potential for lung exposure to a wide variety of nanoparticles which have yet

to be studied in terms of (1) where they would deposit within the respiratory tract

and (2) the subsequent toxicity mechanisms. It is also suggested that different
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sizes, structures, and compositions of nanoparticles may interfere in their toxic

mechanisms [17].

Studies on carbonaceous airborne nanoparticles show that these materials have

a very high potential for adsorbing semivolatile organic compounds, namely poly-

cyclic aromatic hydrocarbons. Thus, these nanoparticles can serve as transport

carriers for pollutants that would otherwise not become airborne and get into

human lungs [18–20]. For other common nanoparticles such as silver, little is

known in terms of adsorption or condensation of other chemicals to their sur-

faces. The much larger surface areas of nanoparticles can increase their chemical

activity. If these products become mass produced, the impact on human health

cannot be predicted yet. There are currently no official government registries or

regulations for such nanoproducts [21].

Particle size and surface area have been shown to play important roles in

toxicity, both due to the larger release of ions per volume and the likelihood of

smaller particles penetrating into the body. In vitro studies with silver nanoparti-

cles report that nanoscale particles can enter cells and cause DNA damage [22].

Some semiconductor and oxide nanoparticles enter lung epithelial cells by means

of a Trojan-horse type mechanism (ions do not enter cells, but nanoparticles do

and release ions once inside) [12]. Then, nanoparticles may directly or indirectly

result in oxidative stress or may even interfere with metabolic activities inside

the cells [23, 24]. Oxidative stress is caused by the formation of reactive oxy-

gen species at the surface of or within cells, which may induce inflammatory

processes in the human nose, lung, and cardiovascular systems [15, 25].

Currently, there are many issues to be addressed before product designers

can fully apply these principles and make informed choices about nanoparticles.

How should they characterize the nanoparticles used in their products? What are

the key attributes that should be included in the characterization? How do the

hazards found in nanoparticle research apply to the nanoparticles in products?

As the field of nanotechnology progresses, better answers to these questions

will emerge. Another major challenge is the lack of comprehensive data for the

product performance, hazard, and exposure potential of nanoparticles with dif-

ferent shapes, sizes, surfaces, structures, and functionalizations. These data gaps

need to be addressed by further targeted research by government and industry.

Predictive models will also need to be developed to provide additional data.

Ideally, these data should be housed in a centralized, open-access database avail-

able to researchers and industry. Over time, the “design for safer nanomaterials”

principles could become more effective as additional performance, hazard, and

exposure potential data are accumulated and made available. Ultimately, these

initial design principles will need to be tested and refined over time to help guide

product designers to make more informed and effective decisions for selecting

nanoparticles that they incorporate into their products.

A battery of tests should be developed to uncover particularly hazardous

properties. Miniature and low-cost instrumentation to monitor personal expo-

sure to nanoparticles in the workplace will play an important role in the design

and implementation of mitigation strategies. For example, a new miniature disk
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electrostatic aerosol classifier has been designed and evaluated. This new minia-

ture prototype provides a low-cost solution for miniature nanoparticle sizers,

much needed in spatially distributed particle size measurement or personal expo-

sure monitoring [26]. Over the long term, research aimed at developing a mech-

anistic understanding of the numerous characteristics that influence nanoparticle

toxicity is essential. Predicting the potential toxicity of emerging nanoparti-

cles will require hypothesis-driven research that elucidates how physicochem-

ical parameters influence toxic effects on biological systems. Research needs

should be determined in the context of current availability of testing methods

for nanoparticles. Finally, the general policy and strategic opportunities should

be created to accelerate the development and implementation of testing proto-

cols and ensure that the information generated is translated effectively for all

stakeholders.

7.6 SUMMARY

In this chapter, the emerging issues for nanoparticles and nanoparticle-based

materials are evaluated. These issues can be divided into the categories of defects

and measurement, process and quality control, modeling, and environmental and

health aspects.

Defect measurement of nanoparticle-based materials comes with its charac-

teristics and challenges. Defect size, structure, and density need to be properly

defined at this scale before they can be statistically represented.

The measurement problem is complicated by the fact that at the nanoscale,

the very act of measurement itself can greatly perturb the system. At this scale,

background noise is a significant issue; environmental impacts such as vibra-

tions and small changes in temperature can cause significant variability in a

measurement. Current measurements need to be adapted, and new measurements

need to be defined and developed in order to measure the composition, structure,

surface/interface of nanoparticles and nanoparticle-based materials.

Efforts need to be directed toward the development of a collaborative frame-

work/architecture that enables the integration of quantitative models and experi-

mental data. The predictive modeling framework can enable experimentalists and

theoreticians to work in parallel and streamline the creation of metrology and

standards. Computer modeling and simulation present great promise in tracing

species interaction throughout the life cycle of a process. Computationally effi-

cient algorithms for nanoparticles should be developed that predict the nucleation

during synthesis to ultimate application (in particle or bulk form) as a function

of process variables/metrics.

There are two potential toxicity issues to be addressed for this new group

of materials: the impact on the environment and on humans. For the first, the

deposition and migration of nanoparticles are primary issues. For the second,

the interaction of nanoparticles with and the removal from human bodies are

important issues to address.
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QUESTIONS

1. Devise a defect evaluation criterion for nanoparticles or nanoparticle-based

materials and explain how one can measure or trace it.

2. Between practice and the state-of-the-art modeling and simulation for nanopar-

ticles and nanoparticle-based materials, what approaches and collaborative ef-

forts can be taken for practitioners/experimentalists and modelers to narrow/

close the gap?

3. List three nanoparticle-based products and trace the potential paths that each

of them can be released into the environment.

4. What potential health risks can nanoparticle pose? How can nanoparticles

enter a human body and what is the fate of the nanoparticles after that?
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APPENDIX 1

EXPLANATION OF UNFAMILIAR

NOMENCLATURES

Acoustic cavitation: The formation, growth and implosive collapse of bubbles in

liquids irradiated with high-intensity ultrasound.

Adiabatic expansion: Increase in volume without heat flow, in or out.

Agglomeration: The state or process of particles gathering into a larger “lump”

that is bonded by van der Waals force, capillary force, or even solid bonds.

Airy disk: The bright region in the center of the diffraction pattern resulting from

a uniformly illuminated circular aperture.

Aliphatic tail: The end group of a compound that is composed of carbon

and hydrogen arranged in straight or branched chains, and not containing

aromatic rings.

Aliquot: A portion of a total amount of a solution.

Ammonolysis: Any reaction with ammonia, analogous to hydrolysis, in which a

bond is broken and an NH2 group is appended to one fragment.

Amoeba: A kind of large cell that has a single large tubular pseudopod at the

anterior end and several secondary ones branching to the sides.

Amphiphilic surfactant: Surfactants are surface-active molecules that have the

unique properties of getting adsorbed at various interfaces (e.g., air–water,

oil–water, etc.) and altering the properties of the interface. Amphiphilic sur-

factants possess a special molecular structure—contain both a water loving

polar part (hydrophilic) and a water hating nonpolar part (hydrophobic).

Nanoparticulate Materials: Synthesis, Characterization, and Processing, First Edition. Kathy Lu.
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Antibody: A large Y-shaped protein used by the immune system to identify and

neutralize foreign objects such as bacteria and viruses.

Aprotic solvent: A solvent that is not capable of hydrogen bonding. A notable

example is acetone that has an oxygen and hydrogen but not an O–H bond

in its structure (the oxygen is only bonded to the carbon) and is therefore

incapable of hydrogen bonding and aprotic. Other common examples are

ethers, dimethylformamide, dimethylsulfoxide, and acetonitrile.

Au55: A cuboctahedral structure consisting of one central gold atom, an inner

shell of 12 gold atoms, and an outer one of 42 gold atoms.

Azeotropic mixture: A solution of two or more liquids, the composition of which

does not change upon distillation, also known as azeotrope.

Azimuthal angle: The angle between the line connecting the original and the point

of interest and the reference line projected perpendicularly on the substrate.

Biota: Total collection of organisms of a geographic region or a time period, from

local geographic scales and instantaneous temporal scales all the way up to

the whole planet and whole timescale spatiotemporal scales.

Blazed grating: A special type of diffraction grating. Blazed gratings produce

maximum efficiency at a specified wavelength; that is, a diffraction grating

that is blazed at 250 nm will operate most efficiently when light with a

wavelength of 250 nm passes through the grating. Like standard diffraction

gratings, blazed gratings diffract incoming light using a series of grooves.

However, in blazed gratings the grooves have been manufactured such that

they form right angles with a specified blaze angle, which is the angular

distance from the surface normal of the diffraction plate. The magnitude of

the blaze angle determines the wavelength at which the grating will be most

efficient.

Bragg angle: In Bragg’s law, the angle θ between the wave vector of the incident

plane wave and the lattice planes.

Bragg diffraction: At certain specific wavelengths and incident angles, the inci-

dent waves produce intense peaks of reflected radiation.

Bragg’s law: Refers to the simple equation, nλ = 2d sin θ , derived by the English

physicists Sir W. H. Bragg and his son Sir W. L. Bragg in 1913 to explain why

the cleavage faces of crystals appear to reflect X-ray beams at certain angles

of incidence. It describes the condition for a plane wave to be diffracted from

a family of lattice planes.

Brownian motion: Random drifting of particles suspended in a fluid (a liquid or

a gas) or the mathematical model used to describe such random movements.

Capsid: The protein coat surrounding the nucleic acid of a virus.

Centrifugation: A process that involves the use of a centrifugal force for the

sedimentation of mixtures.

Chelating unit: A chemical compound in the form of a ring that contains a metal

ion attached by coordinate bonds to at least two nonmetal ions.

Coercivity: Coercive field or coercive force of a ferromagnetic material, the

intensity of the applied magnetic field required to reduce the magnetization
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of that material to zero after the magnetization of the sample has been

driven to saturation. Measures the resistance of a ferromagnetic material to

becoming demagnetized. Usually measured in oersted or ampere/meter units.

Coordination chemistry: The study of compounds formed between metal ions

and other neutral or negatively charged molecules such as [Co(NH2CH2

CH2NH2)2ClNH3]2 + Cl2
2−. In this formulation, Co(NH2CH2CH2NH2)2

ClNH3]2 + is known as a metal complex, which is a charged species consist-

ing of metal ion bonded to one or more groups of molecules. The bonded

molecules are called ligand.

Coulombic force: The force exerted by stationary objects bearing electric charge

on other stationary objects bearing electric charge. If the charges are of the

same sign, then the force is repulsive; if they are of opposite signs, the force

is attractive. The strength of the force is described by Coulomb’s law.

Curie temperature: The critical temperature beyond which a previously ferro-

magnetic material becomes paramagnetic.

Debye temperature: The temperature of a crystal’s highest normal mode of vi-

bration, that is, the highest temperature that can be achieved due to a single

normal vibration. The Debye temperature is given by θD =
hνm

k
, where h is

Planck’s constant, k is Boltzmann’s constant, and νm is the Debye frequency.

Denaturation: A process in which proteins or nucleic acids lose the tertiary

structure and secondary structure that are present in their native state by

application of some external stress or compound such as a strong acid or base,

a concentrated inorganic salt, an organic solvent (e.g., alcohol or chloroform),

or heat. If proteins in a living cell are denatured, it results in disruption of

cell activity and possibly cell death. Denatured proteins can exhibit a wide

range of characteristics, from loss of solubility to communal aggregation.

Dielectric constant: The ratio of the permittivity of a substance to the permittivity

of free space. It is an expression of the extent to which a material concentrates

electric flux, and is the electrical equivalent of relative magnetic permeability.

Electrodynamic effect: The effect of electric charge and electric and magnetic

fields, along with the forces and motions those fields induce.

Electromigration: Migration (as of ions or colloidal particles) in an electric field.

Electron mean free path: Average distance covered by a moving electron between

successive impacts (collisions), which modify its direction or energy or other

electron properties.

Electron scattering: The process whereby an electron is deflected from its original

trajectory.

Electron wave function: A probability amplitude in quantum mechanics describ-

ing the quantum state of an electron and how it behaves. Typically, its values

are complex numbers and, for a single electron, it is a function of space

and time.

Electronic structure: Arrangement of electrons of an atom, a molecule, or other

physical structure. It concerns the way electrons can be distributed in the

orbitals of the given system (atomic or molecular for instance).
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Electrophoresis: Motion of dispersed particles relative to a fluid under the influ-

ence of a spatially uniform electric field.

Excimer laser: A form of ultraviolet laser that is commonly used in the production

of microelectronic devices, eye surgery, and micromachining.

Excluded-volume force: Excluded-volume is the volume that is inaccessible to

molecular motion or other molecules in a system as a result of the presence

of the first molecule. The interaction (force) arising from this effect is called

excluded-volume force.

Femtosecond laser: An electromagnetic pulse whose time duration is in the order

of a femtosecond (10−15 second).

Ferromagnetic: Pertaining to a substance, such as iron that below a certain tem-

perature, can possess magnetization in the absence of an external magnetic

field; pertaining to a substance in which the magnetic moments of the atoms

are aligned.

Ferritin: A ubiquitous intracellular protein that stores iron and releases it in a

controlled fashion.

Ferroelectricity: Of or relating to a crystalline dielectric that can be given a

permanent electric polarization by application of an electric field.

Field emission: Emission of electrons induced by an electrostatic field.

Fluorescence quantum yield: The ratio of the number of photons emitted to the

number of photons absorbed.

Förster resonant energy transfer: Nonradiative excitation transfer between two

molecular entities separated by distances considerably exceeding the sum of

their van der Waals radii. It describes the transfer in terms of the interaction

between the transition (dipole) moments of the entities in the very weak

dipole–dipole coupling limit.

Galvanic displacement: The process of spontaneous reduction of the ions of a

metal by another metal above it in the electromotive series. For example,

a piece of iron immersed in a copper sulfate solution will be immediately

covered by a thin film of copper.

Gene transfection: The process by which a bacterial cell is infected with purified

DNA or RNA isolated from a virus after a specific pretreatment.

Grazing angle: When dealing with a beam that is nearly parallel to a surface, the

angle between the beam and the surface.

Grazing incidence SAXS: A scattering technique used to study nanostructured

surfaces and thin films. It combines the accessible length scales of small-angle

X-ray scattering and the surface sensitivity of grazing incidence diffraction.

Hard-sphere force: In colloidal chemistry, the interaction force between particles

when they are idealized as hard spheres.

High-angle annular dark field scanning transmission electron image: Scanning

transmission electron image is the reversed optical system of conventional

transmission electron image; the electron path in bright field scanning trans-

mission electron image is the same as when the ray path direction is reversed
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in conventional transmission electron image. High-angle annular dark field

scanning transmission electron microscope is based on imaging incoherent

scattering, and the contrast of the image is not reversed by defocusing above

and below the point of “just focus.”

Hydrodynamic size: The effective radius of a particle in a solution measured by

assuming that it is a body moving through the solution and resisted by the

solution’s viscosity. If the solvent is water, the hydrodynamic radius includes

all the water molecules attracted to the particles. As a result, the measured

particle size may be larger than the dry particle size (a hypothetical hard

sphere that diffuses with the same speed as the particle under examination,

apparent size of the dynamic hydrated/solvated particle).

In-plane coherence length parameter: A characteristic length in superconduc-

tor, a length scale on which superconducting order parameter changes

considerably.

Inverse opal: Inverse replicas of opals. Instead of consisting of a regular arrange-

ment of uniform spherical particles (as in opals), inverse opals consist of a

regular arrangement of spherical void spaces surrounded by solid walls.

Langmuir monolayer adsorption: An adsorption model developed by Irving

Langmuir in 1916. It is a semiempirical isotherm derived from a proposed

kinetic mechanism. It is based on four assumptions:

1. The surface of the adsorbent is uniform, that is, all the adsorption sites are

equivalent.

2. Adsorbed molecules do not interact.

3. All adsorption occurs through the same mechanism.

4. At the maximum adsorption, only a monolayer is formed: molecules

of adsorbate do not deposit on other, already adsorbed, molecules of

adsorbate, only on the free surface of the adsorbent.

Langmuir–Blodgett technique: A Langmuir–Blodgett film contains one or more

monolayers of an organic material, deposited from the surface of a liquid

onto a solid by immersing (or emersing) the solid substrate into (or from)

the liquid. A monolayer is adsorbed homogeneously with each immersion or

emersion step, thus films with very accurate thickness can be formed. This

thickness is accurate because the thickness of each monolayer is known and

can therefore be added to find the total thickness of a Langmuir–Blodgett

film. The monolayers are assembled vertically and usually composed of

amphiphilic molecules with a hydrophilic head and a hydrophobic tail (e.g.,

fatty acids).

Langmuir–Schaefer technique: Similar to Langmuir–Blodgett technique (in the

case of vertical deposition) but applies to the case of horizontal deposition.

Lattice fringe: An electron microscope image with lattice information such as

phase, lattice parameters, crystal shape, and/or the relationship between

adjacent crystals.
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Light-emitting diode: A semiconductor device that emits visible light when an

electric current passes through it. The light is mostly monochromatic, oc-

curring at a single wavelength. The output from a light-emitting diode can

range from red (at a wavelength of approximately 700 nm) to blue–violet

(about 400 nm). Some light-emitting diodes emit infrared energy (830 nm or

longer); such a device is known as an infrared-emitting diode.

Lyogel: A gel containing much liquid, opposite of xerogel.

Lyosphere: Charged particle with its surrounding double layer of counter ions.

Magnetization: The vector field that expresses the density of permanent or in-

duced magnetic dipole moments in a magnetic material.

Mean free path length: Average distance covered by a moving species between

successive impacts (collisions) that modify its direction or energy or other

properties.

Mercury porosimetry: An analytical technique used to determine various quan-

tifiable aspects of a material’s porous nature, such as pore diameter, total pore

volume, surface area, and bulk and absolute densities. The technique involves

the intrusion of a nonwetting liquid (often mercury) at high pressure into a

material through the use of a porosimeter. The pore size can be determined

based on the external pressure needed to force the liquid into a pore against

the opposing force of the liquid’s surface tension.

Microwave absorption cross section: The actual area that absorbs the microwaves

from the source, it governs how much of the incident power is captured and

sent back.

Modal particle size: The size that occurs most frequently in the particle size

frequency distribution.

Morphosynthesis: Chemical construction and patterning of inorganic materials

with unusual and complex architectures at different length scales.

Nucleophilic substitution: The reaction of an electron pair donor (the nucle-

ophile) with an electron pair acceptor (the electrophile). An sp3-hybridized

electrophile must have a leaving group in order for the reaction to

take place.

Orientational order: Measure of the tendency of molecules to align along a

direction on a long-range basis.

Paramagnetic: A form of magnetism whereby the paramagnetic material is only

attracted when in the presence of an externally applied magnetic field.

Perpendicular coherence length parameter: A characteristic length in supercon-

ductor, a length scale on which superconducting order parameter changes

considerably.

Photoluminescence: A process in which a substance absorbs photons (electro-

magnetic radiation) and then re-radiates photons. From quantum mechanics

point of view, this can be described as an excitation to a higher energy

state and then a return to a lower energy state accompanied by the emission

of a photon.
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Photoresist: A light-sensitive polymeric material. It may become soluble or in-

soluble after exposure to light.

Plasmon band blue shift: Plasmon band decrease in wavelength (increase in

frequency).

Plasmon excitation: An oscillation of free electron density with respect to the

fixed positive ions in a metal.

Plasmon resonance: A biosensing technique in which biomolecules capable of

binding to specific analytes or ligands are first immobilized on one side of a

metallic film. Light is then focused on the opposite side of the film to excite

the surface plasmons, that is, the oscillations of free electrons propagating

along the film’s surface. The refractive index of light reflecting off this surface

is measured. When the immobilized biomolecules are bound by their ligands,

an alteration in surface plasmons on the opposite side of the film is created

which is directly proportional to the change in bound, or adsorbed, mass.

Binding is measured by changes in the refractive index. The technique is

used to study biomolecular interactions, such as antigen–antibody binding.

Plasmonic lithography: Using plasmon as a source to pattern different features

or arrangements.

Plasmonics: Study of plasmon. A plasmon is a quantum of plasma oscillation,

a quasiparticle resulting from the quantization of plasma oscillations just as

photons and phonons are quantizations of light and mechanical vibrations,

respectively (though the photon is an elementary particle, not a quasiparticle).

Polyol method: The synthesis of metal-containing compounds in poly(ethylene

glycol)s.

Power-law creep: Creep is the tendency of a solid material to slowly move or

deform permanently under the influence of stresses. A model is discussed

that gives rise to the widely used power law for creep under constant load,

namely, well-known Andrade creep law dl/dt = �t−n where l is the strain,

t the time, � is a factor dependent on temperature and load, and n is an

exponent that may have any value between 0 and 1.

Pseudoplasticity: Also called shear thinning, viscosity reduction of non-

Newtonian fluids (e.g., polymers and their solutions, most slurries, and sus-

pensions) that undergo viscosity reductions under conditions of shear stress

(i.e., viscometric flow).

Pyrometer: Noncontacting device that intercepts and measures thermal radiation,

a process known as pyrometry. This device can be used to determine the

temperature of an object’s surface.

Quantum confinement: For an object in a conservative field of force, a region

in which the object has a lower potential energy than in all the surrounding

regions.

Quantum size effect: Unusual properties of extremely small crystals that arise

from confinement of electrons to small regions of space in one, two, or three

dimensions.
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Quantum tunneling: Quantum mechanical phenomenon where an electron tun-

nels through a barrier that it classically could not surmount.

Redox reaction: Reduction–oxidation reactions, describing all chemical reactions

in which atoms have their oxidation state changed.

Rietveld refinement: A technique in the characterization of crystalline materi-

als. Neutron and X-ray diffraction of powder samples results in a pattern

characterized by reflections (peaks in intensity) at certain positions. The pro-

cess uses height, width, and position of these reflections to determine many

aspects of the materials structure.

Silk fibroin: A type of protein created by silkworms in the production

of silk.

Small-angle neutron scattering: A technique used for investigations of structure

of various substances, with spatial sensitivity of about 1–1000 nm. A beam

of neutrons is directed at a sample, which can be an aqueous solution,

a solid, a powder, or a crystal. The neutrons are elastically scattered by

changes of refractive index on a nanometer scale inside the sample through

the interaction with the nuclei of the atoms present in the sample. Because

the nuclei of all atoms are compact and of comparable size, neutrons are

capable of interacting strongly with all atoms.

Solute drag mechanism: A mechanism in sintering that explains the hindrance

effect from a solute in slowing or stopping the movement of grain boundaries.

Spallation source: A source in which fragments of material (spall) are ejected

from a body due to impact or stress.

Spin polarization: The degree to which spin, that is, the intrinsic angular momen-

tum of elementary particles, is aligned with a given direction. This property

may pertain to the spin, hence to the magnetic moment, of conduction elec-

trons in ferromagnetic metals, such as iron, giving rise to spin-polarized

currents.

Stern and Helmholtz double layer: A structure that appears on the surface of

an object when it is placed into a liquid. The first layer, the surface charge

(either positive or negative), comprises ions adsorbed directly onto the object

due to a host of chemical interactions. The second layer is composed of ions

attracted to the surface charge via the Coulomb force, electrically screening

the first layer. This second layer is loosely associated with the object, because

it is made of free ions that move in the fluid under the influence of electric

attraction and thermal motion rather than being firmly anchored. It is thus

called the diffuse layer.

Supercritical drying: A process by which the liquid in a substance is transformed

into gas in the absence of surface tension and capillary stress and is the most

common process to transform gels into aerogels. It is performed to replace the

liquid in a material with a gas without destroying the delicate nanostructured

pore network.

Superlattice: A periodic structure of layers of two (or more) materials.
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Superparamagnetism: A phenomenon by which magnetic materials may exhibit

a behavior similar to paramagnetism even when at temperatures below the

Curie or the Néel temperature. This is a small length-scale phenomenon,

where the energy required to change the direction of the magnetic moment

of a particle is comparable to the ambient thermal energy.

Superplasticity: The unusual ability of some materials (such as nanomaterials) to

elongate uniformly by thousands of percent at elevated temperatures, much

like hot polymers or glasses.

Surface plasmon effect: Coherent electron oscillations that exist at the interface

between any two materials where the real part of the dielectric function

changes sign across the interface (e.g., a metal-dielectric interface, such as a

metal sheet in air).

Synchrotron X-ray source: X-ray source originated from a synchrotron electro-

magnetic radiation source. A synchrotron is a particular type of cyclic particle

accelerator in which the magnetic field (to turn the particles so they circulate)

and the electric field (to accelerate the particles) are carefully synchronized

with the traveling particle beam.

Thermal diffusion length: The average distance traveled by a particle, such as a

minority carrier in a semiconductor or a thermal neutron in a nuclear reactor,

from the point at which it is formed to the point at which it is absorbed.

Thermal scattering: Scattering of electrons, neutrons, or X-rays passing through

a solid due to the thermal motion of atoms in the crystal lattice.

Thermionic emission: Heat-induced flow of charge carriers from a surface or over

a potential-energy barrier.

Thermophoresis: A phenomenon observed when a mixture of two or more types

of mobile particles are subjected to the force of a temperature gradient and

different types of particles respond to it differently.

Translational order: A condition when molecules have some arrangement in

space. Crystals have three degrees of translational order (each molecule is

fixed in space with an x, y, and z coordinate) and liquids have no translational

order.

Translocation: Capture, transport, and release, or introduction/reintroduction of

plants, animals, or habitat from one location to another.

UV laser: Lasers (or other laser-based light sources) generating ultraviolet light.

Wave-particle duality: A theory explaining that all particles exhibit both wave and

particle properties. As a central concept of quantum mechanics, this duality

addresses the inability of classical concepts like “particle” and “wave” to

fully describe the behavior of quantum-scale objects.

X-ray absorption spectroscopy: A widely used technique for determining the

local geometric and/or electronic structure of matter. The experiment is

usually performed at synchrotron radiation sources, which provide in-

tense and tunable X-ray beams. Samples can be in fluids or as condensed

matter.
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YAG laser: Nd:YAG (neodymium-doped yttrium aluminum garnet, Nd:Y3

Al5O12) is a crystal that is used as a lasing medium for solid-state lasers.

Generally, the crystalline host is doped with around 1% neodymium by

atomic percent. Nd:YAG lasers are optically pumped using a flashtube or

laser diodes. These are one of the most common types of laser, and are used

for many different applications. Nd:YAG lasers typically emit light with a

wavelength of 1064 nm, in the infrared.
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PREFIXES IN THE INTERNATIONAL

SYSTEM OF UNITS

Prefix Symbol 10n Decimal Short scale Long scale

yotta Y 1024 1000000000000000000000000 Septillion Quadrillion

zetta Z 1021 1000000000000000000000 Sextillion Trilliard

exa E 1018 1000000000000000000 Quintillion Trillion

peta P 1015 1000000000000000 Quadrillion Billiard

tera T 1012 1000000000000 Trillion Billion

giga G 109 1000000000 Billion Milliard

mega M 106 1000000 Million

kilo k 103 1000 Thousand

hecto h 102 100 Hundred

deca da 101 10 Ten

100 1 One

deci d 10−1 0.1 Tenth

centi c 10−2 0.01 Hundredth

milli m 10−3 0.001 Thousandth

micro µ 10−6 0.000001 Millionth

nano n 10−9 0.000000001 Billionth Milliardth

pico p 10−12 0.000000000001 Trillionth Billionth

femto f 10−15 0.000000000000001 Quadrillionth Billiardth

atto a 10−18 0.000000000000000001 Quintillionth Trillionth

zepto z 10−21 0.000000000000000000001 Sextillionth Trilliardth

yocto y 10−24 0.000000000000000000000001 Septillionth Quadrillionth
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Note: Page numbers with italicized f ’s and t’s refer to figures and tables, respectively.

absolute temperature, 6, 27, 136, 331, 340

acoustic cavitation, 100, 415

activation energy, 27, 338, 364-365, 376,

383

adiabatic expansion, 43, 44, 415

agglomeration, 49-51, 59-61, 107-109,

130-131, 286-287, 334-335

aggregate, 41, 51, 103, 157, 220, 290

aggregation, 31, 61, 110, 232, 408

airy disk, 197, 415

aliphatic tail, 82, 415

aliquot, 157, 415

ammonolysis, 75, 415

amoeba, 408, 415

amorphization, 105, 126

amphiphilic surfactant, 81, 415

angle-resolved nanosphere lithography, 205,

206f, 257

antibody, 243, 416, 421

apparent activation energy, 338

aprotic solvent, 64, 416

arrested precipitation, 54, 169

atomic absorption, 168-169

atomic emission, 168

atomic force microscopy, 129, 133, 135f,

152, 398, 400

atomic mobility, 338

atomic volume, 6, 331, 340

atomization, 50

Au55, 244, 261, 416

auger electron, 129t, 161, 162f, 170, 186t,

209

spectroscopy, 129t, 161, 186t, 189, 192,

209

Avogadro’s number, 147

azeotropic mixture, 292, 416

azimuthal angle, 205, 416

ball milling, 103-105, 107, 156f, 344-345,

369

band gap, 7, 10, 245, 306

Beer’s Law, 178
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BET, 129t, 146-148, 150, 189

binary nanoparticle superlattice, 234

bioactive material, 20, 313, 315f, 318t, 328

bio-derived processing, 20, 264, 318t

biomimetic material, 20, 313-314, 318t

biota, 408, 416

Boltzmann constant, 6. See also

Boltzmann’s constant

Boltzmann’s constant, 27, 136, 284, 331,

340, 417

bottom-up, 20, 195, 217-218, 236, 256

Bragg angle, 138, 157, 160, 416

Bragg diffraction, 138, 416

Bragg’s law, 138, 160, 186t, 416

Brownian motion, 17, 39, 136, 229, 416

bulk composition, 129t, 161, 168, 186-187t,

189

bulk structure, 129t, 150-151, 155

calcination, 54, 65, 100, 245-246, 249, 252,

280-281

calibration, 399

calorimetry, 129t, 145

cantilever, 134-135, 153

capillary force, 20, 65, 134, 217, 230-232,

256

capping agent, 66, 77, 86, 205-206, 244

capsid, 243, 416

casting, 20, 246, 263-264, 282, 288-300,

304-306, 316-318, 349

catalysis, 8, 91, 110, 146, 248

centrifugal force, 290, 416

centrifugation, 54, 243, 245, 416

chelating unit, 84, 416

chemical activity, 7, 203, 411

chemical potential, 26, 296, 330, 332, 341

chemical vapor deposition, 42, 117, 214

chemical vapor synthesis, 10, 39, 41-43, 403

citrate reduction method, 59

coagulation, 17, 32, 39, 108, 300

coalescence, 32, 34, 36-37, 39, 41, 70, 73

coarsening, 330, 333, 339, 363-364, 368,

378, 383

coercivity, 54, 60, 103, 126, 251, 272, 416

coextrusion, 278

cold isostatic pressing, 266-268, 317t, 337,

344, 369-370

colloidal suspension, 20, 132, 251-252, 264,

282, 288, 290

combined stage sintering, 364, 367-368

combustion-driven compaction, 268,

270-272, 321

computer-aided design, 304

constant current mode, 134

constant height, 134

contact angle, 28, 149

controlled-rate sintering, 364, 367

coordination chemistry, 175, 417

coordination number, 65, 265, 335, 339,

345, 360, 365

co-precipitation, 53-54, 60, 62, 67, 71

Coulombic force, 136, 417

covalent bonding, 20, 218, 225-226, 256

creep, 9, 330, 368-369, 373, 375, 380, 383,

421

critical energy barrier, 27

cryochemical synthesis, 53, 70-72, 112t,

121

crystallinity, 42-43, 54-56, 65, 68, 73,

98-100, 111

Curie temperature, 10, 54, 417

D90, 312

De Broglie relation, 151

Debye length, 283

Debye temperature, 8, 417

defect scattering, 10

denaturation, 313, 417

dense nanoparticle material sintering, 20,

329-330

densification, 269, 271, 330-332, 334-341,

356, 359-369, 371-378, 380-384

rate, 332, 360, 364, 368, 373, 377

depletion flocculation, 286, 323

depth profiling, 161, 164-165, 186t

dielectric constant, 95, 223, 263, 283-284,

417

dielectric loss factor, 353-354

diffusion coefficient, 29, 41, 136, 331-332,

369, 373, 377, 404

diffusion flux, 331, 376

diffusivity, 339

digital processing, 20, 264, 304, 313, 316,

318t, 319

digital writing, 20

dipole moment, 20, 217, 218t, 222-223,

225, 230, 256

direct patterning, 311
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direct writing, 304, 307, 309f, 316, 327

directed assembly, 195, 221, 229-230, 252,

256, 314

dislocation, 9-10

dispersant, 17, 100, 184, 220, 285-287,

291-292, 302, 342

DLVO theory, 282-283, 300, 319

doctor blade casting, 291, 294f, 324

dry compaction, 264-265, 267, 272, 316

dry forming, 20, 264, 269, 282, 316, 319

dry processing, 292, 317t

drying-mediated assembly, 221

dynamic compaction, 20, 264, 268,

270-271, 317t

dynamic grain growth, 339

dynamic laser light scattering, 129t,

130

elastic scattering, 145, 155, 162, 181

electric field-assisted sintering, 384, 392

electrical conduction, 10

electrical conductivity, 7, 10, 387, 396

electrical double layer, 283-284, 319

electrical sintering, 356-358, 389

electrodynamic effect, 403, 417

electroless coating, 83

electroless deposition, 83, 123

electromagnetic spectrum, 144, 178

electromigration, 376-377, 417

electron beam lithography, 20, 206-208,

209f, 211, 212f, 256

electron diffraction, 129t, 151, 156-160,

186t, 234, 399

pattern, 61-62, 151, 157, 158f, 159f, 160,

235f

electron energy-loss spectroscopy, 129t, 161

electron mean free path, 3, 417

electron scattering, 10, 417

electron spectroscopy, 129t, 161, 174, 186t,

192, 209

electron wave function, 7, 417

electronegativity, 225

electronic structure, 7, 10, 144, 175-176,

187t, 417, 423

electrophoresis, 300-301, 302f, 418

electrophoretic deposition, 20, 264, 282,

300-304, 316, 318t

electrospinning, 64, 120, 279-282, 322

electrospray, 75, 211

electrostatic interaction, 177, 217, 223, 225,

252, 283-284

electrostatic lithography patterning, 211

electrostatic stabilization, 282-283, 285

electrosteric stabilization, 282-283

energetics, 20, 128, 129t, 144-146, 184, 191

energy dispersive spectroscopy, 80, 81f, 94f,

171f, 187t, 276f

energy dispersive X-ray spectroscopy, 129t,

161

epitaxy, 203, 256

equilibrium pressure, 6

evaporation-condensation, 330, 332-333,

337, 364, 381, 385

evaporation-induced assembly, 252

excimer laser, 44, 48, 197, 418

excluded volume, 136, 286, 418

excluded-volume force, 418

explosive compaction, 268, 270-271, 321,

390

extrusion, 20, 264, 272, 277-279, 282, 307,

317t

failure strain, 9

feedstock, 50, 273-274, 321

femtosecond laser, 44, 48-49, 118, 310-311,

327, 418

ferrimagnetic, 54

ferritin, 87-88, 124, 418

ferroelectricity, 160, 418

ferromagnetic, 11, 38, 54, 59, 103, 416-418,

422

Fick’s first law, 29

field emission, 130, 206f, 418

field-directed assembly, 229

flame aerosol synthesis, 49-51

flame atomic absorption spectrometry, 169

flexural strength, 9, 357

flocculation, 4, 220, 246f, 285-286, 323

flowability, 274, 286

fluorescence quantum yield, 82, 418

focusing in size, 29

Fourier transform infrared spectroscopy,

129t, 161, 176, 187t, 189, 228

fracture toughness, 9, 357, 385

free sintering, 20, 330, 337, 359, 367-368,

376, 381, 384

freeze casting, 20, 282, 293, 295-297, 316,

318t
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frictional force, 265-266, 268-269, 272,

336, 369

functional group, 167-168, 176, 181,

225-226, 238, 251

galvanic displacement, 200, 418

gas adsorption, 129t, 146-50, 191

isotherm, 150

gas constant, 6, 33, 149, 331

gas phase synthesis, 25f, 32, 96, 109-110

gel casting, 20, 282, 293, 295, 297-300,

316, 318t

gelation, 63, 70, 297, 325

gene transfection, 87, 418

Gibbs–Thomson equation, 332, 340

global thermodynamics, 20, 128-129,

144-145, 184

grain boundary, 330-334, 339-340, 358,

360-365, 377-378, 380, 385

area, 331-332, 360, 365

diffusion, 330-331, 339, 360, 363-365,

377, 380

mobility, 333-334, 358, 360-361, 365

scattering, 10

grain growth, 329-330, 332-334, 338-341,

344-346, 356-369, 371-378, 380-383

rate, 333-334, 360, 367

grain sliding, 9, 369

grain surface mobility, 333

grazing angle, 213, 214f, 418

grazing incidence SAXS, 141, 418

Hall–Petch equation, 9

hard-sphere force, 136, 418

heat capacity, 17, 145

heterocoagulation, 64, 79, 245, 246f

heterogeneous nucleation, 24, 26-28, 42,

79, 83, 87, 91, 297

site, 28

high pressure compaction, 268-269,

320-321, 360, 390

high-angle annular dark field scanning

transmission electron image, 209,

418

highly blazed grating, 248

homogeneous nucleation, 19, 26, 34, 79,

85

hot isostatic pressing, 13, 20, 277, 368,

373-375, 377, 380, 382-384

hot pressing, 20, 368-369, 371-373,

375-377, 382, 384

hydrodynamic size, 132, 136, 419

hydrogen bonding, 15, 20, 218, 225,

227-229, 256, 416

hydrolysis, 53, 61-66, 75, 79-80, 90-91, 98

immobilization, 86, 199, 261, 314

impurity scattering, 10

inductively coupled plasma, 169

inelastic scattering, 145, 162, 181

inert gas condensation, 32-37, 116-117

initial stage of sintering, 330

ink-jet printing, 20, 304, 312-313, 316,

318t, 328

in-plane coherence length parameter, 144,

419

interfacial energy, 6, 332, 334

intermediate stage of sintering, 330, 364

inverse opal, 247f, 301, 302f, 351, 352f,

419

ion beam lithography, 20, 212, 256

ionic liquid, 66, 68, 70, 78

isoelectric point, 203, 241, 282, 286

isothermal holding, 339, 342

Kelvin equation, 6, 149

Krieger–Dougherty equation, 286

Langmuir monolayer adsorption, 146, 419

Langmuir–Blodgett technique, 23, 124,

220, 419

Langmuir–Schaefer technique, 220, 258,

419

laser ablation, 37, 43-49, 92-94, 207

laser fluence, 46

laser irradiation, 45, 51-52, 92, 179, 404

laser photolysis, 93, 125, 179, 193

laser sintering, 328, 358-359, 384-385, 413

laser-assisted synthesis, 89, 92, 114t, 169

lattice defect scattering, 10

lattice fringe, 80, 97, 419

layer-by-layer assembly, 228, 252

Lennard–Jones potential, 219

light-emitting diodes, 17, 420

liquid phase sintering, 334, 363, 368, 372,

390-391

low-energy electron diffraction, 129t, 151

luminescence, 97
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lyogel, 314, 420

lyosphere, 301, 420

macropore, 148, 246, 249, 349f, 350-351,

359

magnetic field strength, 223

magnetic susceptibility, 7, 12

magnetization, 11-12, 416-418, 420

mask, 16, 196-197, 205

mass transport, 37, 337, 340, 356

mean free path length, 32, 420

mechanical alloying, 103, 105, 106f,

126-127

mechanochemical milling, 104

mercury porosimetry, 148, 420

mesopore, 148, 150, 249

metal salt reduction, 53, 58-60, 111t

micelle synthesis, 31, 81, 89, 91, 114t

microcontact printing, 200f, 236, 238

microextrusion, 277

micromolding, 273-275, 276f, 277, 322

micropore, 148, 150, 359

microscopy, 129-135, 152-153, 183-185,

398, 400-401

microstereolithography, 310, 327

microwave, 89, 94-98, 114t, 351-356,

365-366, 384, 420

absorption cross section, 95, 420

radiation, 354

sintering, 351, 354-356, 384, 387, 389

microwave-assisted synthesis, 95, 114t

milling, 102-107, 109-110, 214, 338,

344-345, 369, 380

modal particle size, 36, 420

modeling, 15, 336, 392-393, 396, 402-403,

405-407, 412-414

molding, 20, 264, 272-278, 298f, 317t

monodispersity, 36, 55, 111t, 218, 220-221

monolayer, 38, 82-85, 146-147, 200, 214,

225, 230-244, 253-256

monomer, 68, 144, 245, 297, 298f, 308-309

morphosynthesis, 85, 420

nanoimprint lithography, 215, 236,

238-239, 240f

nanoparticle growth, 25-31, 52, 59, 89-90,

97, 103, 244

nanoparticle packing, 264, 268, 319, 329,

332, 359-360

nanosphere lithography, 205, 206f

neutron scattering, 129t, 130, 140-141,

143f, 149

nitrogen adsorption, 150

nucleation rate, 27-28, 33, 65, 91, 371

nucleophilic substitution, 226, 420

oligomer, 144, 308-309

omnidirectional printing, 307, 308f, 327

optical atomic spectroscopy, 129t, 161, 168,

170-171

optical spectroscopy, 129t, 144, 190

orientational order, 230, 420

Ostwald ripening, 28, 30-31, 56, 59, 234,

336

oxide melt solution, 129t, 145

calorimetry, 129t, 145

paramagnetic, 54, 417, 420

partial sintering, 341-342, 344, 359, 384

particle radius, 6, 29, 136

particulate gel casting, 297

patterning, 205-208, 211, 213, 242, 275,

277, 311

peak broadening, 138, 155, 166f

peptizing agent, 65

periodicity, 181, 196, 199, 241, 244, 311,

397

permeability, 18, 288, 417

perpendicular coherence length parameter,

144, 420

phase shifting photolithography, 197, 198f

phase transformation, 65, 76, 135, 145, 337,

371, 373

photo correlation spectroscopy, 135

photoelectron, 129t, 152f, 161, 164-166,

187t, 209, 255

photolithography, 20, 197-204, 207, 236,

241-242, 256

photoluminescence, 55, 144, 395, 413, 420

photomask, 197, 201, 203, 241

photonic crystal, 311, 322

photopolymerization, 307

photoresist, 197, 199, 203, 207-209, 241,

242f, 421

physical vapor deposition, 37-38, 40

physical vapor synthesis, 32, 39-40, 115

Planck constant, 151, 164

plasma spray forming, 382-383, 393
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plasma-assisted synthesis, 94, 114t

plasmon band blue shift, 13, 421

plasmon excitation, 7, 12, 421

plasmon resonance, 210, 241, 421

plasmonic lithography, 241, 421

plasmonics, 210, 421

plastic deformation, 105-106, 270-271, 330,

368-369, 373, 375, 404

plastic forming, 272-273, 323, 390-391

plasticity, 271-272, 279

plasticizer, 291-292

polydimethylsiloxane, 274

polydispersity, 74, 218

polymeric gel casting, 297

polymerization, 63, 76, 85, 168, 297-299,

307, 310

polymorph, 105, 145-146, 337

polyol method, 131f, 157, 189, 421

pore former, 346

pore forming sintering, 341, 346, 384

pore shape, 148

pore size distribution, 148-150, 272, 290,

301, 337, 349, 357

pore volume, 148-150, 420

porous nanoparticle material sintering, 20,

329-330, 341-359

powder injection molding, 273-274, 277,

321

power-law creep, 380, 383, 421

precipitation, 53-56, 58-59, 64-66, 111t,

148, 362

pressure casting, 20, 282, 288-291, 295,

316

pressure sintering, 20, 356, 363, 368-369,

372, 382, 384

pressure spark plasma sintering, 356, 368,

376, 392

programmed assembly, 314

pseudoplasticity, 421

pulsed laser ablation, 44, 47, 118, 207

pyrolysis, 30, 41, 50, 72-76, 112t, 311, 313

pyrometer, 356, 421

quantum confinement, 7, 421

quantum dot, 13, 17, 54, 144, 199, 205-206,

220

quantum size effect, 7, 421

quantum tunneling, 11, 153, 422

quasimelting, 145

radiation heating, 354, 365

Raman effect, 181

Raman scattering, 182, 215

Raman spectra, 181-183

Raman spectroscopy, 129t, 161, 181, 183,

188t

rapid-rate sintering, 355, 364, 367-368

Rayleigh criterion, 197

reaction-controlled growth, 29

recrystallization, 71, 145, 378

redox reaction, 59-60, 251, 422

reducing agent, 43, 54, 60, 83, 157, 200

reverse micelle, 80-82, 89-90, 109

Rietveld refinement, 118, 160, 422

robocasting, 304-306, 318t, 327

saturation concentration, 29

scanning electron microscopy, 129t, 130,

209, 343f

scanning probe microscopy, 129t, 130, 133,

185t

scanning transmission electron microscope,

172, 419

scanning tunneling microscopy, 40f, 129t,

133, 152f, 153, 186t, 215

Scherrer constant, 138

Scherrer equation, 138, 140, 156

secondary ion mass spectroscopy, 129t,

161, 165, 167f, 186t

sedimentation, 220, 245, 416

segregation, 274, 288-289, 291, 293, 295,

299

selected area electron diffraction, 55f, 57f,

157, 159-160, 234-235

selective laser sintering, 328, 359, 385

self-assembled monolayer, 84, 214, 225,

238-240, 244, 256, 398

semidry forming, 20, 264, 272, 316, 319

semidry processing, 317t

shape-directed assembly, 314

shock wave compaction, 268-270

shrinkage, 329-332, 344-345, 365-366, 369,

377-378, 384

silk fibroin, 86, 124, 422

simulation, 15, 20, 37, 380, 402-404,

406-407, 412-413

sinter forging, 20, 368, 375-376, 384, 386,

390

sintering activity, 338
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sintering driving force, 339, 345, 368-369,

373-375, 377, 382

slip casting, 246, 288-289, 295, 299, 323

small angle neutron scattering, 140, 143f,

149, 422

small angle scattering, 129t, 140, 185t

small angle X-ray scattering, 140, 142f,

190, 418

soft lithographic molding, 274

sol–gel method, 120, 141, 150, 192, 281

solid state reaction, 104, 107, 110, 345, 362

solid state sintering, 334, 362, 383, 404

solids loading, 274-275, 286-288, 291-292,

296-297, 304-306, 310-313, 318t

solubility, 5-6, 30, 53, 65, 157, 220

solute drag mechanism, 358, 422

solution calorimetry, 129t, 145

solventless synthesis, 76-78, 113t

solvothermal synthesis, 25, 53, 65-66, 68,

112t

sonication, 54, 89, 97-100, 114t, 240

sonication-assisted synthesis, 97, 114t

spallation source, 141, 422

spark plasma sintering, 20, 356-357, 368,

376-382, 384

specific surface area, 4, 145-148, 184,

264-265, 287, 335, 344

specific surface energy, 26, 33-34

spin casting, 209, 290

spin polarization, 12, 422

spin-coating, 216f, 221, 313

sporosarcina ureae, 243

spray pyrolysis, 31, 50, 72-73, 75-76, 112t

springback, 269, 272, 289

stabilizer, 58, 79, 83, 86, 101-102, 222-223,

230, 293

steady state diffusion, 29

stereolithography, 20, 304, 307-308, 310,

316, 318t

steric stabilization, 77, 282-284

stern and Helmholtz double layer, 422

stoichiometry, 35, 44, 64, 72, 159, 375, 399

Stokes–Einstein equation, 136

strain hardening, 272, 369

supercritical drying, 65, 422

superhigh pressure compaction, 20, 263,

268-270, 272, 317t

superlattice, 7, 159f, 234-237, 276f,

293-294, 404-405, 422

superparamagnetic, 12, 37, 54, 60, 93

superparamagnetism, 97, 423

superplasticity, 9, 375, 377, 423

supersaturation, 26-28, 30, 33-34, 44, 53, 65

superwide pressure range adsorption, 149

surface activity, 4, 184

surface behavior, 3, 4

surface composition, 129t, 161-162, 165,

186-187t

surface diffusion, 330, 333, 337, 339,

354-356, 364

surface energy, 5, 31-34, 145-146, 157, 330,

338-345

surface enthalpy, 145

surface plasmon effect, 13, 423

surface scattering, 10

surface structure, 110, 129t, 150-151,

154-155, 243, 344f, 399

synchrotron X-ray source, 165, 423

T4 virion, 243

tape casting, 20, 263, 282, 291-293, 295,

316, 317t

template-assisted assembly, 242, 255

template-directed sintering, 341, 349, 384

templating, 20, 28, 83-85, 195, 242,

248-249, 251-252

tensile strength, 9, 277, 278

thermal diffusion length, 3, 423

thermal scattering, 10, 423

thermionic emission, 130, 423

thermophoresis, 34, 423

time of flight mass spectrometry, 167

top-down, 20, 195-197, 218, 236, 256, 293

topography, 134, 302

toxicity, 87, 407, 409-412, 414

translational order, 230, 423

translocation, 410, 423

transmission electron microscopy, 129t,

130, 132, 185t, 193

tunneling current, 133-134, 153, 186t, 189

two-step sintering, 342, 364-368, 387

ultrasound, 97-100, 125, 415

uniaxial compaction, 20, 264-267

uniaxial pressure casting, 289

UV laser, 44, 46, 423

UV-vis spectroscopy, 129t, 161, 178-179,

181, 189
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vacancy concentration, 339-340

validation, 183, 399-400, 404, 406

van der Waals force, 17, 20, 220, 265, 282,

300, 415

vapor pressure, 3, 5, 6, 32, 34, 36

verification, 400, 406

viscosity, 274, 277, 282, 286-289, 291-292,

301, 310

volume diffusion, 330-331, 333, 363-364

coarsening mechanism, 333, 364

water adsorption calorimetry, 129t, 145

wavelength dispersive spectroscopy, 187t

wave-particle duality, 151, 423

wet forming, 20, 282, 287-290, 316, 319

wet processing, 264, 316, 317t

wettability, 203

xerogel, 65, 75, 191, 314, 420

X-ray absorption spectroscopy, 149,

423

X-ray diffraction, 99-100, 105, 129t, 138,

155, 228, 399

line broadening, 129t, 138

X-ray fluorescence spectroscopy, 129t, 161,

170f

X-ray photoelectron spectroscopy, 129t,

161, 164, 187t, 209

X-ray scattering, 129t, 140-141, 142f, 190,

418

YAG laser, 44-45, 205, 424

yield strength, 9

zeta potential, 246, 301, 350


