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Through the use of titania-tin oxide nanocomposites, an enhanced anatase-to-rutile phase transformation is achieved, while
avoiding appreciable particle growth. Upon the addition of SnO,, the phase transformation temperature fell, reaching a minimum
value at 18 vol.% of tin oxide, before increasing. Neither anatase nor rutile phase particles showed exaggerated growth. SnO,
particles demonstrated both transformation-enhancing and growth-retarding roles.
© 2007 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Keywords: Titania; Nanostructured materials; Phase transformation; Anatase; Nanocomposites

Nanostructured titanium dioxide-based ceramics, as
photocatalytic and photovoltaic solar cell material, have
stimulated tremendous interest in recent years; in partic-
ular, their importance in the field of energy conversion
has increased considerably in the past few years due to
ever-surging energy prices [1-3]. One of the prerequisites
for effectively using nanostructured titania for these
applications is to understand the science behind tailor-
making nanostructures with respect to crystal structure
(phase), grain size and porosity (or density) [3-23]. Al-
most all synthetic techniques for preparing nanostruc-
tured titania yield the metastable anatase phase [3-23].
On further heat treatment, anatase will convert to the
stable rutile phase [3-8,11-23]. This transformation is
invariably associated with drastic grain growth and the
eventual destruction of the ‘“‘nanostructuredness” of
the material [3-8,11-23]. Converting the anatase phase
to the stable rutile phase without undergoing drastic
grain growth and porosity reduction is a major chal-
lenge [3-8,11-23]. In this paper we show, for the first
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time, that, unlike other anatase-to-rutile phase transfor-
mation enhancement techniques [7], tin oxide present as
second phase particles effectively enhances anatase-to-
rutile phase transformation and at the same time retards
particle growth and porosity reduction.

Titania-based nanocomposites with 3-36 vol.% of
SnO, were prepared from respective sols. Titania (ana-
tase) and SnO, (rutile-type) aqueous sols were obtained
from Taki Chemical Company, Kakogawa City, Japan.
Both the sols were stabilized using ammonia with a final
pH of 10. The primary particle size in the titania and tin
oxide sols were 10 and 3 nm, respectively. The nanocom-
posites were made by simply mixing required amounts
of SnO, sol and titania sol using a magnetic stirrer.
After mixing, the mixed sol was dried at 110 °C for
12h. The dried gel pieces were about 1000 pm in
thickness. These samples were calcined at different tem-
peratures and then subjected to differential thermal
analysis (DTA), X-ray diffraction (XRD) and field emis-
sion-scanning electron microscopy (SEM) studies. The
relative amount of rutile present in the samples has been
calculated using the following equation [5,22,24]:

Wr = 1/[1+0.8(Is/Ir)]; (1)
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where Wg, I and Iy are the fraction of rutile, integrated
intensities of the (101) peak of anatase and the (110)
peak of rutile, respectively. The crystallite size of both
anatase and rutile crystallites were calculated using the
Scherrer relation:

Dy = K2/ (B cos 0), (2)

where Dy, is the crystallite size and K is a constant (in
the present case, a value of 1.38 was assumed) [22]. 4
is the wavelength of the CuKa line and By, is the full
width at half maximum. 20 is the peak angle. The inte-
grated intensities and peak widths were calculated using
a pattern fitting technique to correct for the instrument-
and wave length related broadening.

DTA of pure titania used in this study gave a very
broad peak, above 900 °C, corresponding to the ana-
tase-to-rutile transformation, whereas the SnO,-con-
taining nanocomposites showed sharp peaks indicating
enhanced transformation to rutile. Figure 1 gives the
phase transformation temperature for the nanocompos-
ites obtained from the DTA data for various volume
fractions of SnO; in the composite. In order to improve
accuracy, for every sample at least two DTA runs were
performed. With an increasing amount of SnO,, the
anatase-to-rutile transformation temperature first de-
creased to 848 °C for titania containing 18 vol.% of tin
oxide and then increased to 856 °C for 30 vol.% of
SnO,. Up to 18 vol.% of SnO,, the relative amount of
rutile in the samples increases with increasing vol.% of
SnO, and then decreases as shown in Table 1. XRD pat-
terns of pure titania and the nanocomposites after heat-
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Figure 1. Vol.% of SnO, vs. anatase-to-rutile transformation temper-
ature obtained from DTA for a heating rate of 20 °C min .

Table 1. Relative amounts of anatase and rutile present in the samples
and their crystallite sizes after heating at 750 °C for 8 h

Vol.% of SnO, % of  Crystallite size
rutile  of anatase (nm)

Crystallite size
of rutile (nm)

0 (Pure titania) 0 56 (No rutile phase
present)
3 67 39 64
84 35 62
18 95 28 53
24 94 27 49
36 74 26 37

R(110)
A(101)
A\ 32 vol% SnO,

24 vol% SnQ,

18 vol% SnO,
6 vol% SnO,

H 3 vol% SnO;

Pure TiO,

20 25 30

Figure 2. XRD patterns of pure and SnO, containing nanocomposites
after heating at 750 °C for 8 h.

ing at 750 °C for 8 h are given in Figure 2. All the major
anatase and rutile peaks are marked “A” and “R”,
respectively. At 750 °C pure titania remains as anatase.
In the case of nanocomposite samples, the transforma-
tion has already started and the extent of the transfor-
mation depends on the amount of SnO, present in the
composite.

Table 1 gives the relative amounts of anatase and
rutile present and their crystallite sizes in pure and
SnO, containing nanocomposites heated at 750 °C for
8 h calculated using the above equations. With samples
containing at least 18 vol.% of SnO,, the (110) peak
of pure SnO, (20 = 26.4) was also present in the XRD
pattern and overlapped with the (110) peak of rutile.
These overlapping peaks were separated using a pattern
fitting technique for accurately determining the inte-
grated intensities of (110) peak of rutile. Figure 3 pre-
sents the SEM micrographs of pure titania, pure SnO,
and titania nanocomposites containing 3-18 vol.%
SnO, after heating at 800 °C for 8 h. Pure titania has
completely transformed rutile and does not show any
porosity, but the titania phase of the nanocomposite is
still porous. The larger crystallites are rutile titania
and the smaller particles are SnO, second phase parti-
cles. Even though the SEM micrograph of the compos-
ites clearly showed a two-phase nanocomposite, there
can be some degree of solid solution formation at the
neck region (contact points) between the titania and
the tin oxide particles. However, the TiO,—SnO, system
undergoes spinodal decomposition [25-27] and if the
composition at the neck region is in the range of 10—
90 mol.% of SnO,, the system will remain as a two-phase
mixture below 900 °C because of the spinodal reaction
[25-27].

In the titania—tin oxide nanocomposite, tin oxide has
a dual role. SnO, second phase particles accelerate the
anatase-to-rutile transformation by providing a crystal-
lographically similar surface which reduces the surface
energy requirement for the formation of the critical
nuclei of rutile phase. Crystal structure of tin oxide is
tetragonal (rutile type) with very similar lattice para-
meters. For SnO, a =0.4737 and ¢=0.3186 nm and
for rutile TiO, a =0.4593 and ¢ =0.2958 nm. Lattice
parameter mismatch in a and ¢ are only around 3.04%
and 7.15%, respectively. Therefore, SnO, may act as a
semicoherent surface for the transforming rutile to grow
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Figure 3. SEM micrographs of (a) pure titania, (b) titania—3 vol.% SnO,, (c) titania-9 vol.% SnO,, and (d) titania—18 vol.% SnO, nanocomposite

after heating at 800 °C for 8 h.

“epitaxially”’ on it. However, there is no direct evidence
to support this claim.

This can be inferred from the following equations
describing the relationship between critical nuclei size
and interfacial energy of new phase [23,28]:

AG = %TC}’}AGCHEM + %nr3AGSTRAIN + 4O(TU"2])AR

+ 4B yrr + 40T Ypg, (3)

where AG, AGcapm, AGstrAIN, VAR, YrT and Jrg are
the change in total free energy, Gibbs free energy, strain
energy, anatase—rutile interfacial energy, rutile-tin oxide
interfacial energy and rutile-air interfacial energy,
respectively. o, f and ¢ are the fraction of interfacial
area covered by anatase-rutile, rutile-tin oxide and
rutile—air, respectively (¢ + f+0=1). The critical
nuclei size, r, is given by:

| %Var + PrrT + OVrG (4)
AGcuem + AGstrAN

Ve =

The higher volume fraction of SnO, particles in the
composite may be providing a larger number of easy
nucleation sites. Also the rutile-tin oxide interfacial en-
ergy, yrT, Will be much smaller than the other two inter-
facial energies due to the crystallographic similarity
between rutile and tin oxide. A higher volume fraction
of tin oxide will also increase f§ (f =1 — o — ), resulting
in smaller contributions from yar and yrg. This overall
decrease in the numerator will result in a smaller critical
nuclei size, r.. If this were the only mechanism operat-
ing, the DTA phase transformation temperature should
decrease continuously and reach a minimum plateau
with an increased amount of SnO, second phase parti-
cles. In reality, this did not happen (see Fig. 1). Up to

18 vol.% of SnO, second phase, the DTA transforma-
tion temperature indeed decreased and after that it
started to increase, indicating a retardation in phase
transformation.

This effect can be understood by considering the role
of SnO, as a ‘“‘second phase stabiliser’”. The second
phase stabilization effect is purely physical in nature.
The most probable mechanism among the four different
mechanisms stated under the physical stabilization effect
[5,21]is the lowering of coordination in the matrix phase
by the SnO, second phase [29,30]. With more and more
SnO, particles in the composite, the number of titania
particles having actual physical contact with neighbour-
ing titania particles will decrease. This decrease in tita-
nia-titania contacts per unit volume will retard grain
growth [21,29,30] and eventually the matrix phase’s abil-
ity to reach critical nuclei size for the transformation to
take place [4,11,23]. This can be seen from the crystallite
size data given in Table 1 and the DTA phase transfor-
mation data shown in Figure 1. This slowing down of
grain growth will retard the phase transformation pro-
cesses by reducing the chance for achieving the critical
nuclei size. This can be explained as follows: in a nucle-
ation growth type of transformation like this one, the
very first step is embryo formation. The embryo be-
comes stable only after reaching the critical size, called
the critical nuclei size, as given by Eq. (4). From the sin-
tering and grain growth points of view, the rate at which
the embryo can grow to the critical nuclei size depends
on the number of nearest titania neighbours (sub-
coordination number). With the increase in the volume
fraction of SnO, particles in the nanocomposite, the
following will happen:

1. The number of titania particles having actual physical
contact with a SnQO, particle will increase.
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2. The titania—titania coordination in the matrix phase
(sub-coordination) will decrease.

The first effect will enhance the anatase-to-rutile
transformation by providing a suitable surface for the
rutile phase to grow on. The second effect will retard
the transformation by preventing aggregation and grain
growth of titania particles. As can be seen from Table 1,
with an increase in the amount of SnO,, growth of both
anatase and rutile crystallites are retarded. A slow grain
growth will increase the time taken for the embryo to
reach the critical nuclei size. These two effects are oppos-
ing, the second effect taking over the first at about
18 vol.% of SnO,, as can be seen from Figures 1 and 2
and Table 1. It is interesting to note that effective retar-
dation of both anatase and rutile crystallite growth is
observed in all the composites even though up to
18 vol.% of SnO», there is clear enhancement in the ana-
tase-to-rutile transformation.

From the above results it is clear that nanocomposite
formation with a carefully selected second phase is an
effective technique to enhance metastable-to-stable
phase transformation and at the same time retard parti-
cle growth. The selection criteria for the second phase
are:

a. It should enhance phase transformation by providing
active nucleation sites thereby reducing the interfacial
energy necessary for nucleation.

b. It should be relatively inert to physically stabilize the
matrix phase by spatially separating the primary par-
ticles in the matrix phase so that it will limit the abil-
ity of primary particles in the matrix phases.

This technique could be applied to stabilizing other
nanostructured systems too.

Authors are thankful to Jeff Hicks of the University
of Twente, The Netherlands for useful discussions.
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