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ABSTRACT: A novel rapid fabrication method was developed for the first time to prepare hollow manganese oxide nanotubes
with porous walls, using sacrificial carbon nanotube templates. Multiwalled carbon nanotubes (CNTs) are coated with
amorphous manganese oxide layers by acidic reduction of potassium permanganate solution. The rapid synthesis process with the
evolution of gaseous byproduct yields very high porosity in the coated manganese oxide layers. Subsequent heat treatment leads
to the removal of CNT templates, resulting in the formation of amorphous and crystalline hollow manganese oxide nanotubes
with highly porous walls. The porous hollow nanotubes were found to provide excellent catalytic performances in the
degradation of organic dye at ambient conditions by virtue of the very high surface reaction sites within the porous hollow
tubular structures. These novel nanostructures of hollow nanotubes with porous walls are promising for a series of applications
such as hydrogen storage, sensing, supercapacitance, and catalysis, among others.

1. INTRODUCTION

One-dimensional (1D) inorganic nanomaterials have provided
tremendous opportunities for many highly important applica-
tions, including molecular detectors, nanoelectromechanical
(NEMS) systems, energy-harvesting materials, sensors, nano-
electronics, optoelectronics, nanobiotechnology, and nano-
fluidics.' ™ Among these 1D nanostructures, hollow nanotubes
have recently gained additional interest because of their large
active surface areas, leading to novel applications in drug
delivery, energy storage, detection of neural signals, magnetism,
and sensors.* ¢ In general, methods for the fabrication of
inorganic hollow 1D nanomaterials can be divided into two
categories. One is no-template processes, including Ostwald
ripenin§, galvanic replacement, self-rolling, and the Kirkendall
effect*”~'* The other uses templates, such as sacrificial 1D
nanostructures and porous matrixes that are subsequently
removed.">~'® Between these two categories, template-assisted
methods are particularly interesting because architectural
nanostructures with tuned properties can be fabricated by
these methods with some novel applications.” In this respect,
metal oxide hollow nanotubes are particularly important
because the compositions and properties of these oxides can
be extended to a wide spectrum of binary, ternary, and tertiary
compounds; semimetal, semiconductor, and insulating nano-
materials; and magnetic, electrical, and superconducting
nanostructures.”

In particular, manganese oxides are technologically important
materials with a variety of applications, such as catalytic
materials, ion sieves, rechargeable batteries, chemical sensing
devices, magnetic devices, field-emission devices, hydrogen-
storage media, and microelectronics.’””** Micro-, meso-, and
nanoporous manganese oxides, as well as layered claylike
manganese oxide nanomaterials, can be prepared by a variety of
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routes. Many reports are avilable in the literature regarding
synthetic processes that include either oxidation of Mn(Il) in
basic solution;*® oxidation by MnO,~,*® 0,, K,S,0, and
H,0,;”” or reduction of MnO,~ using different routes.”® The
reduction of KMnO, in dilute aqueous H,SO, produces
manganese oxide nanoparticles with a hexagonal layer
structure.”” Regarding the synthesis of 1D manganese oxide
nanomaterials, nanowires of @-MnO, are synthesized using
coordination polymers,®®>* whereas single-crystalline f-MnO,
nanorods are prepared by hydrothermal or electrochemical
methods, 20213334

Manganese oxides with novel morphologies or nanostruc-
tures can lead to new avenues for their application. Manganese
oxide-coated carbon nanotubes (CNTs) or other organic/
inorganic nanofibers or MnO, nanotube—CNT or —graphene
nanocomposites are thus prepared by a variety of methods,
including chemical in situ coating, electrodeposition, and
hydrothermal syntheses for high-performance energy-storage
devices,**™**>% lithium batteries, rechargeable zinc—air bat-
teries, electrocatalytic water splitting systems, and super-
capacitor applications.”*>* To the best of our knowledge,
however, no report on the synthesis of hollow manganese oxide
nanotubes with highly porous walls has been published so far. A
recent work on the application of MnO, nanorods as efficient
hydrogen-storage media has opened up new opportunities for
cost-effective hydrogen-storage materials in clean-energy
applications.”” The reason for the better hydrogen-storage
capability of this kind of nanostructure is the improved specific
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surface area, which can store a large amount of hydrogen in a
relatively small volume and thus can easily be transported.
Hollow nanotubes offer much higher specific surface areas than
solid nanorods and are thus expected to be very useful for
economically viable hydrogen reservoir systems. The catalytic
degradation of toxic organic molecules with MnO, nanostruc-
tures can also be improved by using hollow MnO, nanotubes
with porous walls by virtue of the increased active surface area,
providin% better catalytic activity for wastewater treate-
ment.*>*

In this study, a novel, yet simple and cost-effective, method is
developed for the first time to prepare hollow manganese oxide
nanotubes (MONTs), with highly porous walls, using multi-
walled carbon nanotubes (MWCNTs) as templates. An acidic
permanganate reaction is performed to coat manganese oxide
onto the MWCNTs, followed by heat treatments to obtain
hollow nanotubes. The method has the advantage of producing
a uniform coating of amorphous MnO, with a homogeneous
morphology on the surface of MWCNTs. The thickness of the
coating can be tuned by controlling the manganese ion
concentration in the precursor solution. Upon heat treatment
of the as-coated MWCNTSs in ambient atmosphere, hollow
amorphous MnO, nanotubes (a:zMONTs) are formed through
the removal of CNT templates, which are further converted
into hollow crystalline Mn,O; nanotubes (c:MONTSs) at higher
temperatures. Most importantly, the novelty of these
nanostructures is that the walls of the hollow nanotubes
(both a:zMONTSs and c:MONTs) are highly porous. Moreover,
the porosity, wall thickness, and lateral and radial dimensions of
these hollow nanotubes can be efficiently controlled by
controlling the initial template dimensions, as well as Mn-to-
C molar ratio in the precursor solution. Previously, hollow
nanotubes of metal oxides such as ZnO, WO,, TiO,, and also
MnO, with solid walls have been reported,'>'®*"*' but this is
the first report on the formation of hollow oxide nanotubes
with highly porous walls, which offer significantly enhanced
specific surface areas and, thus, are extremely useful in
interfacial and surface-related applications such as high-
efficiency energy storage, sensing, and catalysis, among others.
Indeed, this novel nanostructure, for example, exhibits a great
improvement in the catalytic degradation of rhodamine B
(RhB) solution (presented here) for environmental remedia-
tion. Additionally, as the method is very simple and cost-
effective, it opens up new possibilities for diverse device
applications of similar types of hollow nanostructures.

2. EXPERIMENTAL SECTION

2.1. Preparation of Hollow Nanotubes. The fabrication
of hollow a:zMONTSs and c¢:MONTSs was achieved by a three-
step process. In the first step, MWCNTs (Sigma-Aldrich, Seoul,
South Korea) were functionalized by oxidization in a mixture of
H,SO, and HNO; (1:1 volume ratio) for 5 min with
sonication. The oxidized CNTs were then washed five times
with deionized (DI) water and centrifuged at S000 rpm for 10
min. In the second step, amorphous MnO, was coated onto the
as-functionalized MWCNTs by the reaction of KMnO, (Sigma-
Aldrich, Seoul, South Korea) and HCI (Sigma-Aldrich, Seoul,
South Korea) at room temperature. This step actually started
with mixing of 0.001 mol of KMnO,, 20 mL of DI water, and
functionalized CNTs with a magnetic stirrer (Fisher Scientific,
Seoul, South Korea), followed by sonication for 15 min and
stirring for 30 min. Then, 2 mL of 6 M HCI was added to this
mixture dropwise. After the mixture had been stirred at room
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temperature for 4 h, MnO,-coated CNTs formed, which were
then separated, washed five times with DI water, and dried in
air at room temperature for 48 h. To monitor the effect of the
Mn ion concentration on the uniformity and thickness of the
coating layers on the CNTs, the molar ratio of KMnO,4 to CNT
was varied roughly from 0.2 to 0.5 by changing the amount of
MWCNTSs in the precursor solution. In the third step, hollow
manganese oxide nanotubes (a:MONT, c:MONT) were
formed by heat treatments of the coated samples (at different
temperatures) to remove the CNT templates. The annealing
was done in a furnace (Fisher Scientific, Seoul, South Korea)
under ambient atmosphere at different temperatures of 400,
600, and 900 °C to observe the variations in the morphology
and phase of the nanomaterials. To prepare control samples for
comparison, MnO, nanopowder was synthesized by the
reaction of 10 mL of 0.1 M KMnO, and 2 mL of 6 M HCI
with stirring at room temperature for 4 h. The powder was then
heated according to the same heating processes as described
above.

2.2. Characterization. For a systematic comparison, the
control samples, manganese oxide-coated CNT samples before
heat treatment, and heat-treated hollow a:MONT/c:MONT
samples were characterized by X-ray powder diffraction (XRD)
using a PANalytical X’Pert PRO X-ray diffractometer with Cu
Ka radiation (40 kV, 30 mA) and a PIXcell solid-state detector.
The patterns were recorded at room temperature with a step
size of 0.02°. The surface morphologies, nanostructures, and
compositions of the as-synthesized samples were recorded by
field-emission scanning electron microscopy (FESEM, Hitachi
$-4200, Tokyo, Japan), high-resolution transmission electron
microscopy (HRTEM, Tecnai G* F20 S-Twin at 200 kV field-
emission electron gun in Schottky mode), and energy-
dispersive X-ray (EDX) spectroscopy. For HRTEM imaging,
a small amount of the solid powder was dispersed in alcohol
and sonicated for 1 min, after which then the solution was
drop-casted onto commercially available carbon-coated copper
grids. Brunauer—Emmett—Teller (BET) measurements were
performed using a Belcat-M instrument (BEL Company,
Osaka, Japan), elemental compositions were investigated by
inductively coupled plasma optical emission spectroscopy
(ICP-OES, model Optima 8300, Perkin-Elmer), and Mn**
concentrations of the supernatant solution after catalysis were
determined by inductively coupled plasma mass spectrometry
(ICP-MS, MS Perkin-Elmer ELA DRC-e).

2.3. Confirmation of Catalytic Activities. The catalytic
activities of the as-prepared control amorphous manganese
oxide nanopowders, hollow axMONTSs, c:MONTSs, and heat-
treated crystalline manganese oxide nanoclusters were studied
to evaluate their effectiveness in removing RhB from aqueous
solution at ambient conditions. A 0.05 mM dye stock solution
was prepared by dissolving 0.024 g of RhB (Sigma-Aldrich,
Seoul, South Korea) in 1000 mL of DI water (in a volumetric
flask) and stirred for 30 min. Then, 10 mL of the dye stock
solution was placed in 50 mL beakers and 0.005-g solid samples
were added. The mixtures (dye solution and solid samples)
were stirred for 15 min under visible light at ambient conditions
and pH S (obtained by a pH meter, WTW, Weilheim in
Oberbayern, Germany) and then left to settle for 10 min. The
mixtures were then centrifuged twice at 5000 rpm for 10 min.
The centrifuged solutions (supernatants) were kept in the dark
before analysis with a UV—vis spectrophotometer (Shimadzu
UV-160A) to observe the dye-degradation effect. A control
sample was also prepared for comparison; it consisted of a 0.05
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Figure 1. (a) Schematic view of a:MONTs formation and (b—d)SEM images of (b) amorphous manganese oxide nanoparticles, (c) amorphous
manganese oxide-coated CNTs, and (d) hollow a:MONTs. The inset in panel b shows a TEM image of MWCNT templates (scale bar = 200 nm).

mM RhB solution (pH S) subjected to magnetic stirring (under
visible light for 15 min) with no catalyst.

3. RESULTS AND DISCUSSION

Figure la presents a schematic of the formation mechanism of
hollow a:MONTSs with the CNT-template method. First, the
functionalized MWCNT's were coated with a manganese oxide
layer according to the following reaction between KMnO, and
HCl

2KMnO, + 8HCI — 2KCl + 2MnO, + 4H,0 + 3Cl,
(1)

Subsequent heat treatments (400 °C) of the coated samples led
to the removal of CNT templates, yielding hollow a:MONTs. It
is important to note that the walls of the resulting a:zMONTs
were found to be highly porous. The formation of manganese
oxide nanomaterial (reaction 1) was very rapid, with the
evolution of gaseous byproducts, leading to a porous structure,
as obtained for the control experiment shown in Figure 1b.
This figure reveals that the as-synthesized amorphous
manganese oxide nanoparticles (without using CNT templates)
had highly porous surfaces and, thus, became porous nanotubes
when coated on the CNT surface. Therefore, it is clear that this
synthesis process is very fast, simple, and cost-effective for
preparing hollow a:MONTSs with porous walls. The inset of
Figure 1b shows the MWCNT templates (as-received). Panels
c and d of Figure 1 present the SEM images of manganese
oxide-coated CNTs and hollow a:MONTs (after the removal of
the CNT template), respectively. The figures clearly indicate
the formation of hollow a:MONTs with uniform diameters.
Obviously, the inner diameter of the hollow a:MONTs is
defined by the diameter of the CNT templates used. The outer
diameter, or the thickness of the walls of the hollow nanotubes,
can be controlled by changing the manganese-to-carbon molar
ratio in the precursor solution during coating, as discussed
below.

The as-prepared a:MONTSs were further heat-treated at
higher temperatures to observe the crystalline phase and
morphology of the nanotubes. Figure 2a presents the XRD
traces of various heat-treated and untreated samples. Trace 1 of
Figure 2a shows the XRD pattern of the amorphous manganese
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Figure 2. (a) XRD patterns of various manganese oxide nanostruc-
tures. (b) Size—strain analyses of c:MONT and crystalline manganese
oxide nanoparticles.

oxide (MnO,) nanoparticles, obtained in the control experi-
ment. Trace 2 of Figure 2a shows the XRD pattern of
amorphous manganese oxide-coated CNT samples, whereas
trace 3 of Figure 2a presents the same for hollow a:zMONTSs
after the removal of the CNTs at 400 °C. All three traces show
no preferential crystalline manganese oxide peaks, indicating
the typical amorphous nature of the nanostructures. When the
hollow a:MONT samples were further heat-treated at 600 °C,
the a:MONTSs are converted into c:MONTs, keeping the
porosity of the walls intact (the corresponding SEM images are
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Figure 3. (a—d) SEM images (scale bars = 1 ym) of the effect of sequential heat treatments on the morphology of manganese oxide nanostructures
(Mn-to-C molar ratio = 0.5), with magnifications of selected portions (dashed squares) shown immediately below the corresponding low-
magnification images. (e—h) TEM images (scale bars = 400 nm) presenting the microstructures of (e) control amorphous manganese oxide
nanoparticles, (f) amorphous manganese oxide-coated CNTs, (g) hollow a:MONTS, and (h) hollow c:MONTs. The inset in panel e presents a
magnified view of one of the control amorphous manganese oxide nanoparticles.

shown later). Trace 4 of Figure 2a presents the XRD pattern of
the corresponding hollow ¢:MONT samples. The XRD data
analysis revealed that the crystallinity of the material was
dominated by the Mn,O; phase, along with a small fraction of
cryptomelane MnO, (1999 JCPDS-ICDD card nos. 73-1826
and 72-1982). When these c:MONTSs were further annealed at
900 °C, the crystallinity of the samples was found to increase
through an enhancement of the Mn,O; peak intensities (cf.
trace S of Figure 2a), along with the disappearance of some of
the cryptomelane MnO, peaks. A previous report on
temperature-dependent structural studies of manganese oxides
with mixed phases showed that the cryptomelane MnO, phase
is highly unstable under heat treatment above 600 °C. When
annealing is performed in ambient atmosphere, thermodynami-
cally, mixed phase formation is more probable, but
cryptomelane would be less stable at higher temperature.
Hence, we obtained very small MnO, peaks that were less than
10% of the Mn,O; phase, indicating a dominant Mn,O;
structure. Previously, Ghodbane et al. also reported similar
mixed phase formation of manganese oxide microstructures
under various heat treatments.” On the other hand, the
morphology of the crystalline nanostructure was observed to
change from hollow nanotubes to nanoparticles through the
collapse of the tubular structure (corresponding SEM images
are shown later in Figure 3). This is mainly because of the
strain generated in the tubular structure with the increments in
the crystallinity and crystallite size with the dominant Mn,O;
phase, leading to the breakdown of the hollow nanotubes to
nanoparticles. To further justify this explanation, size—strain
analyses of the c:zMONTSs and nanoparticles were performed
using the XRD data with the equation*
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where f§ is the full-width at half maximum (in radians) of the
diffractions peaks of the Mn,Oj; phase; 6 is the corresponding
diffraction angle; L and & are the crystallite size and strain,
respectively, of the nanomaterial; and 4 is the X-ray wavelength
used for XRD measurements (1.5405 A). A plot of (3 cos 8)/4
versus (sin 0)/4 is thus a straight line, with its intercept and
slope carrying information on the crystallite size and strain,
respectively, of the nanomaterials. Figure 2b presents the size—
strain analyses of the nanomaterials annealed at 600 and 900
°C. The linear fitting of the data with a 10% error estimation
revealed that, for :MONTs, the crystallite size and strain were
70 + 7 nm and (6.62 + 0.7) X 1073, respectively, whereas for
the collapsed nanoparticles, the crystallite size was found to be
more than 100 nm (~190 nm, revealed by SEM images shown
in Figure 3) with a strain of around (7.67 + 0.8) X 1075,
respectively. Clearly, the increment in the strain leads to the
collapse of the nanotubes to nanoparticles. The increase in the
crystallite size of the collapsed nanocrystals against c:MONTs is
considered to have a significant effect on this structural
breakdown, as the particle size of the collapsed structure (~200
nm) becomes comparable to the radial dimension of the
c:MONTs (~250 nm, shown in Figure 3). It is to be noted
that, in general, when nanomaterials (especially nanoparticles)
are annealed at higher temperature, the nanocrystals tend to
grow, leading to a more uniform morphology, followed by a
release in strain. However, in the current case, because of the
tubular geometry of the hollow c:MONTS, the growth of the
nanocrystals at the tube walls increased the overall strain within
the nanomaterial. Hence, we observed a broadening of the
diffraction peaks, which is due to the generation of nonuniform
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Figure 4. Effect of the Mn-to-C molar ratio in the precursor solution on the morphology of amorphous manganese oxide-coated CNTs for Mn-to-C

molar ratios of (a) 0.2, (b) 0.25, (c) 0.33, and (d) 0.5.

strain.** Also, we observed a low-20 shift of the diffraction
peaks of crystalline manganese oxide nanoparticles against
hollow c:MONTSs. For example, the 20 value of the (222) peak
of the :MONTs (2023 = 33.1°) was found to shift to a
lower value (295?13]%) = 32.87°) for crystalline nanoparticles
(c:NP), indicating the generation of some uniform tensile strain
within the nanostructures under heat treatment.** Similar shifts
were observed for the other peaks as well. Apparently, the
growth of nanocrystals at the tube walls generates some radially
outward stress, leading to tensile strain. Obviously, for a freely
growing oxide at ambient pressure, generation of both
nonuniform and uniform strain is thermodynamically more
probable and is reflected by changes in both the f and 26
values. Additionally, as the size—strain analysis was performed
taking into account all of the diffractions peaks (cf. eq 2), rather
than individual peaks as is done by standard Scherer
calculations, the instrumental broadening was suppressed.
This is because, assuming that the XRD peaks have a
Lorentzian (Cauchy) profile (which leads to a linear
contribution of instrumental broadening to the total broad-
ening) and considering that cos 0 is a slowly varying function in
our operating range of 26, the instrumental broadening effect
will mostly shift the size—strain plot along the vertical axis
without changing the slope to a significant extent.*’ Thus, it
might induce some errors in the crystallite size calculations, but
it would not affect the strain calculations significantly.

The temperature-dependent sequential changes in the
morphology and phase of the nanomaterial are depicted in
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Figure 3 for clarity. The figure clearly shows the formation of
amorphous manganese oxide-coated CNTs (cf. Figure 3a),
which is converted into hollow a:MONTs after heat treatment
at 400 °C through the removal of CNT templates (cf. Figure
3b). The amorphous manganese oxide was found to be highly
porous and to have a worm-like surface morphology. As a
result, the walls of the hollow a:MONTs also became highly
porous. Further heat treatment of these samples at 600 °C
converted the hollow a:MONTSs into hollow c:MONTSs (cf.
Figure 3c). Because of the transition of the nanomaterial from
amorphous to crystalline, the worm-like morphology was found
to convert into granular nanocrystals, with the porosity of the
walls retained. With further heat treatment of the samples at
900 °C, the nanocrystals started to grow further with
dimensions comparable to the diameters of the nanotubes,
and thus the tubular structures collapsed to form agglomerated
crystalline nanoparticles (cf. Figure 3d). TEM image of the
control amorphous manganese oxide nanoparticles shows
porous morphology (cf. Figure 3e and inset), which is
transferred to the coating layers of CNTs, and hence the
manganese oxide-coated CNTs also show highly porous
structure (cf. Figure 3f). Figure 3g shows the TEM image of
400 °C heat-treated samples, indicating the removal of CNT
templates to form hollow a:MONTSs with porous walls. Figure
3h shows the hollow c:MONTS, upon further heat treatment
(600 °C). The phase transformation from an amorphous
worm-like morphology to a crystalline granular morphology is
clearly visible. From the SEM and TEM images of Figure 3, it is

dx.doi.org/10.1021/ie5006756 | Ind. Eng. Chem. Res. 2014, 53, 9743-9753



Industrial & Engineering Chemistry Research

.
@.8K

Figure 5. Effect of the Mn-to-C molar ratio on the morphology of heat-treated (at 450 °C for 15 h) amorphous manganese oxide nanotubes for Mn-

to-C molar ratios of (a) 0.2, (b) 0.25, (c) 0.33, and (d) 0.5.

obvious that hollow a:MONTSs have the highest porosity,
followed by amorphous nanoparticles, hollow ¢:MONTs, and
crystalline nanoparticles. The active specific surface areas of
these nanostructures can be summarized in decreasing order as
follows: hollow a:MONTSs > amorphous manganese oxide
nanoparticles > hollow ¢:MONTSs > crystalline manganese
oxide nanoparticles. This argument is supported by Brunauer—
Emmett—Teller (BET) surface area measurements of the
samples. The specific surface areas of these materials were
found to be in the same decreasing order as stated above. For
example, the BET specific surface areas for hollow a:xMONTs,
amorphous manganese oxide nanoparticles, hollow ¢:MONTSs
and crystalline manganese oxide nanoparticles are obtained as
190.42, 126.28, 67.35, and 41.07 m?/g, respectively. Also, BET
adsorption—desorption plots of various manganese oxide
nanostructures are presented in the Supporting Information
(Figures S1—S4), along with a table (Table S1) comparing the
BET surface areas, average pore sizes, and total pore volumes of
different manganese oxide nanostructures. The table reveals
that, although the average pore diameter of hollow a:zMONTSs
was higher than that of other nanostructures, the BET surface
area and total pore volume were also higher, indicating the
contribution of larger inner tube pores (in addition to the
smaller pores at the walls) to the total pore volume and BET
surface area. Similarly, the larger inner tube pores of the hollow
c¢:MONTs also contribute to the higher values of their total
pore volume and BET surface area against crystalline
manganese oxide nanoparticles. The effects of the variations
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in the active surface areas of these nanostructures on the
corresponding catalytic activities are discussed later.

Additionally, to find the elemental compositions of the
amourphous and crystalline samples (especially the amounts of
residual K and Cl), inductively coupled plasma optical emission
spectrometry (ICP-OES) measurements were performed, and
the data are presented in the Supporting Information (Table
S2). The table reveals that, with the heat treatment, both the
percentage of residual potassium and chlorine decrease within
the samples.

Figure 4 shows SEM images of amorphous manganese oxide-
coated CNTs with different ratios of the coating material and
the template. To be specific, we varied the Mn-to-C molar ratio
in the precursor solution to observe its effect on the efficiency
and uniformity of the coating on the CNT template. At a very
low Mn-to-C molar ratio (0.2), partially coated CNTs with
amorphous manganese oxides formed (cf. Figure 4a). With a
further increase in the Mn-to-C molar ratio to 0.25 and 0.33,
larger coverage of the CNT surfaces was observed with higher
uniformity, although discontinuities in the coating were also
observed in some regions (Figure 4b,c). When the Mn-to-C
molar ratio in the precursor solution was further increased to
0.5, complete coverage of the CNT surfaces with a highly
uniform coating was observed (Figure 4d). The EDX analyses
of all of these samples, shown in Figure 4, depict a gradual
increase in the Mn-to-C elemental ratio (0.19, 0.24, 0.31, and
0.43, respectively) in the as-fabricated nanostructures, which is

dx.doi.org/10.1021/ie5006756 | Ind. Eng. Chem. Res. 2014, 53, 9743-9753
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Figure 6. Effect of the Mn-to-C ratio on the morphology of heat-treated (at 650 °C for 15 h) crystalline manganese oxide nanotubes for Mn-to-C

ratio (a) 0.2, (b) 0.25, (c) 0.33, and (d) 0.5.

in accordance with the proportional increase of the Mn-to-C
molar ratio in the precursor solution described above.
Because the coating efficiency and uniformity depend on the
Mn-to-C molar ratio, the morphologies of the corresponding
heat-treated samples (400 °C) were also strongly affected by
this ratio. At a lower value of the Mn-to-C molar ratio in the
precursor solution (0.2), as the coating was discontinuous, it
collapsed to form nanoclusters after the removal of the CNT
templates (cf. Figure Sa). At a higher value of the Mn-to-C
molar ratio of 0.25, a mixture of nanoclusters and hollow
nanotubes formed because only a small fraction of the CNT
templates were coated with continuous manganese oxide layers
(cf. Figure Sb). With a further increase in the Mn-to-C molar
ratio to 0.33, as the coating became more continuous, a higher
percentage of hollow a:MONTs formed with respect to
nanoclusters (cf. Figure Sc), although the thickness of the
nanotube walls was comparatively lower (~20 nm). Finally, for
a Mn-to-C molar ratio of 0.5, as the coating was highly uniform
and continuous, the complete formation of hollow a:MONTSs
was observed after the removal of the CNT templates under
annealing at 400 °C (cf. Figure Sd). The inset of Figure Sd
presents a magnified view of the cross section of a hollow
a:MONT. The figure reveals that the average inner diameter of
the hollow nanotubes was around 150 nm (defined by the
diameter of the CNT template used, which was also around 150
nm, as shown in the inset of Figure 1b), and the outer diameter
was around 250 nm, indicating a wall thickness of ~50 nm.
Also, the nanotube walls were found to be highly porous, thus
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indicating a very high specific surface area for interesting
interfacial and surface-related applications.

These amorphous nanostructures (shown in Figure S),
fabricated at four different Mn-to-C molar ratios, when further
heat-treated at 600 °C, were found to convert into crystalline
manganese oxide nanostructures with a dominant Mn,O;
phase. The XRD pattern was observed to be identical to that
presentin trace 4 of Figure 2a. At lower Mn-to-C molar ratios
(0.20, 0.25), agglomerated nanocrystals formed with an average
dimension of 100 nm (cf. Figure 6ab). For the amorphous
nanostructure having a Mn-to-C molar ratio 0.33, a mixture of
very short c:MONTSs and agglomerated nanocrystals formed
(cf. Figure 6¢) under heat treatment (600 °C). The percentage
of nanotubes was found to be much less than the percentage of
nanoclusters in this case. This is because the corresponding
hollow amorphous nanotubes (shown in Figure Sc) had very
low wall thicknesses (~10—20 nm) and thus collapsed under
heat treatment. In the case of amorphous nanotubes fabricated
at a Min-to-C molar ratio of 0.5, the wall thickness was found to
be higher (~50 nm, as shown in the inset of Figure 5d), and
these nanostructures were observed to withstand the heat
treatment effectively to convert completely into hollow
c¢:MONTSs without collapsing. A closer examination of the
cross section of the :MONTs (inset of Figure 6d) revealed
that the inner and outer diameters were similar to those
obtained for a:MONTs (cf. inset of Figure Sd). This indicates
that the heat treatment at 600 °C basically causes a phase
transition of manganese oxide from amorphous to crystalline, as
well as a change in the surface morphology from an amorphous

dx.doi.org/10.1021/ie5006756 | Ind. Eng. Chem. Res. 2014, 53, 9743-9753



Industrial & Engineering Chemistry Research

#1

100 9 45 — pup 0.05 M+ 0.005 g amorphous MnO: nanotubes
#4 —— RhB 0.05 M + 0.005 g amorphous MnO; powder
#3 —— RhB 0.05 M + 0.005 g MmO nanotubes
75~

#1 — RhB 0.05 M

50

Absorption (%)

25+

#2 —— RhB 0.05 M +0.005 g Mn:03 powder

T
500

Wavelength (nm)

Figure 7. UV—vis absorption spectra of catalytically degraded RhB solution treated with different manganese oxide nanostructures.

worm-like structure to a crystalline granular structure, keeping
the porosity intact.

Although a higher Mn-to-C molar ratio gives more uniform
hollow nanotubes, there exists an optimum ratio for efficient
coating on the CNT templates. When the Mn-to-C molar ratio
was very high (around 2.5), instead of coating the CNT
templates, amorphous manganese oxide nanoparticle formed
within the reaction volume, with dispersed CNTs inside the
amorphous manganese oxide matrix, as shown in Figure S7 of
the Supporting Information. Under our experimental con-
ditions, an Mn-to-C-molar ratio of 0.5 was found to produce
the most efficient coating of CNT templates, which were
converted effectively into hollow a:MONTs and ¢:MONTSs
under subsequent heat treatments. Also, the effects of
sequential heat treatments of manganese oxide-coated CNT
templates prepared at various Mn-to-C molar ratios are
summarized in Figure S8 of the Supporting Information.
Clearly, a higher Mn-to-C molar ratiod produces highly
uniform a:MONTs and ¢:MONTSs with porous walls. Also,
600 °C was found to be an optimum temperature under our
experimental conditions, above which the tubular structure
collapsed into agglomerated nanocrystals. A magnified view of
the high-resolution TEM image of one of the granular crystals
of ¢:MONT (shown in Figure S9 of the Supporting
Information) displays the very high crystallinity of the
nanomaterial. A selected-area electron diffraction pattern
(inset of Figure S9, Supporting Information) also corroborates
the result.

The catalytic performances of the amorphous manganese
oxide nanoparticles (prepared in a control experiment), as-
synthesized hollow a:xMONTS, hollow ¢:MONTs, and crystal-
line manganese oxide nanoparticles (prepared at 900 °C) were
evaluated through the degradation of RhB in aqueous solution,
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and the comparative degradation efficiencies were measured by
UV—vis absorption spectroscopy. Figure 7 presents the
absorption spectra of different nanostructures mentioned
above. Curve 1 of this figure shows the reference spectrum of
the stock dye solution without catalytic treatment. Curves 2 and
4 represent the RhB solution degraded catalytically with
crystalline manganese oxide nanoparticles (which had a
dominant Mn,0; phase, cf. Figure 2) and amorphous
manganese oxide nanoparticles (obtained by control experi-
ment), respectively. Similarly, curves 3 and S represent the
same under catalytic treatments of hollow c¢:MNOTs and
a:MONTSs, respectively. The relative peak intensities reveal that
amorphous hollow a:MONTs have the highest catalytic
degradation efficiency followed by amorphous manganese
oxide nanoparticles. A quantitative analysis of the catalytic
performances of the various manganese oxide nanostructures
was performed by measuring the relative s decrease in dye
concentration at a subsequent time against the initial value by
estimating the peak absorbance of the absorption spectra of the
dye solution according to the relation®

T
adye
0
adye

d(%)=]|1- X 100

©)

where d is the percentage relative dye degradation and ugye and
agy. are the peak absorbances of the dye solution at its initial
concentration and after catalysis for time 7, respectively. In the
current case, after 15 min of catalytic degradation of RhB dye
solution with different manganese oxide nanostructures, the
degradation was found to be 70% for hollow a:zMONTSs, 50%
for amourphous manganese oxide nanoparticles, 30% for
hollow ¢:MONTs, and 20% for crystalline manganese oxide
nanoparticles, indicating better catalytic performance of hollow

dx.doi.org/10.1021/ie5006756 | Ind. Eng. Chem. Res. 2014, 53, 9743-9753



Industrial & Engineering Chemistry Research

a:MONTSs over other manganese oxide nanostructures. Also, at
low dye concentrations, the Langmuir—Hinshelwood model of
degradation kinetics can be approximated as an apparent first-
order kinetic reaction according to the relation*”

o7
dye
Inf = = =Ky

Cdye

4)

where cgye and cjy, are the dye concentrations at the initial time
and after catalysis for time 7, respectively, and k,,, is the
apparent first-order rate constant. Therefore, a plot of In(cf,./
cdye) versus degradation time (7) of each catalyst should be a
straight line, the slope of which represents the first-order rate
constant. In the current case, the time effluence of the
degradation plots of each catalyst (not shown here) shows a
linear fit, and the calculations of «,,, for different manganese
oxide nanostructures give values of 8.02 X 1072, 4.62 X 107>
min~!, ! and 142 X 1072 min~! for hollow a:MONTSs,
amorphous nanoparticles, hollow ¢:MONTs, and crystalline
nanoparticles, respectively. Now, considering the fact that all of
the catalysts have different specific surface areas, the above-
mentioned apparent rate constants are normalized with the
corresponding BET surface areas (SBET) to obtain the specific
rate constant (ky, aPP/SBET) The values of k;, were
obtained as 421 >< 107 3.66 X 107 3.53 X 107* and 3.46 X
10~ min~ g m~2 for hollow a:MONTSs, amorphous nano-
particles, hollow <:MONTSs, and crystalline nanoparticles,
respectively. The values of &y, and k;, of different manganese
oxide nanostructures are collected in the Supporting
Information (Table S3). Clearly, both values indicated a
monotonic decrease in the order hollow a:MONTs >
amourphous nanoparticles > hollow ¢:MONTSs > crystalline
nanoparticles, indicating that the hollow a:MONTs had better
catalytic activity than the other samples. Also, it is noteworthy
that the calculated values of «,,, for the amorphous manganese
oxide nanostructures were better than the reported values
obtained from the catalytic dye degradation activities (having
similar initial RhB concentrations) of other well-known
catalysts such as TiO,.*** This is purely because of the
porous morphology of these amorphous nanostructures, which
offer much higher active surface area for improved catalytic
activities (as shown in Figure 3). Apparently, the hollow
a:MONTSs with porous walls had relatively higher specific
surface areas than the amorphous porous nanoparticles because
of the hollow one-dimensional tubular structures with inner
and outer active surfaces. On the other hand, the crystalline
nanostructures (c:MONTs and crystalline nanoparticles) show
lower catalytic performances than the amorphous nanostruc-
tures (a:MONTs and amorphous nanoparticles), as the
corresponding absorption peaks were found to be higher than
those of the amorphous structures. This is because Mn'"
(which is the dominant oxidation state of Mn in our
amorphous oxide nanostructures) and Mn'™ (which is the
dominant oxidation state of Mn in the crystalline oxide
nanostructures) are readily converted to Mn>" state at pH < 7
to produce hydroxyl radicals (OH*) according to the overall
reaction schemes*’

1 1
EMn“’oz(s) +2H" 4+ 2¢” & EMn“(aq) + 20H*

+H,0 (E°=+123V) (s)
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Mn"™OOH(s) + 3H" + ¢~ < Mn**(aq) + OH*

+H,0 (E°=+150V) 6)
where E° is the standard reduction potential. These released
hydroxyl radicals then oxidize the RhB solutlon to degrade into
CO, and nontoxic inorganic products.” 63! Because of the slight
difference in the reduction potentials between Mn" and Mn"",
as well as the higher porosity of amorphous nanostructures,
they offer higher surface reactions sites and, thus, show better
catalytic performance than crystalline nanostructures. Regard-
ing the relative catalytic performances of crystalline nanostruc-
tures, :MONT's showed better dye degradation than crystalline
nanoparticles because of their smaller crystallite size (~70 vs
190 nm for crystalline nanoparticles, cf. Figure 2b) and hollow
tubular structure with porous walls to offer larger surface-to-
volume ratio, resulting in higher reactive surface sites. These
results were also corroborated by BET surface area measure-
ments, discussed earlier, where the specific surface areas of the
nanostructures were found to be in decreasing order hollow
amorphous manganese oxide nanotubes > amorphous man-
ganese oxide nanoparticles > hollow crystalline manganese
oxide nanotubes > crystalline manganese oxide nanoparticles,
thus supporting the relative catalytic activities of these
nanostructures. Additionally, the proposed mechanism of
leaching of Mn®* from the catalyst into the solution, followed
by hydroxyl radical formation (as described in eqs S and 6), was
corroborated by the chemical analysis of the supernatant
solution after the removal of catalysts. The ICP-MS data are
available in the Supporting Information (Table S4), which
reveals that the solution treated with a:zMONTSs had the highest
Mn?*" concentration, followed by the amourphous nanoparticles
(a:NPs), ¢:MONTs, and crystalline nanoparticles (c:NPs),
respectively. The presence of a very small amount of Mn?* in
the control solution (stock dye solution before catalysis) was
due to some impurities within the dye. However, after catalysis,
solutions treated with crystalline MnO, nanostructures showed
a 4-fold increment in the Mn®* concentrations to as high as a
44-fold increment compared to those treated with a:xMONTs
(cf. Table S4, Supporting Information). Clearly, the trend is in
accordance with the degradation curve given in Figure 7, thus
supporting our proposed mechanism.

We also observed a baseline drift of the absorption curves
with respect to the reference curve (curve 1). We presume that
this increase in the baseline is due to the self-degradation of the
catalysts according to the reactions schemes presented in eqs S
and 6, where the RhB degradation is proposed to be due to the
leaching of Mn”* from the catalysts to the solution followed by
hydroxyl radicals (OH*) formation. Previously, a similar
baseline drift of RhB degradation curves under H,O,-activated
FePcCly4 photocatalysts was reported by Wang et al, who
argued that the photocatalysts were self-de §raded under H,O,
environment to produce the baseline drift.

4. CONCLUSIONS

Novel nanostructures in the form of amorphous and crystalline
hollow manganese oxide nanotubes with porous walls have
been fabricated for the first time by a very simple and cost-
effective method. Carbon nanotubes were first coated with
amorphous manganese oxide layers by the acidic reduction of
KMnO, under ambient conditions. Carbon nanotubes were
used as sacrificial templates, and heat treatments (at 400 °C) of
these nanocomposites resulted in the removal of carbon
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nanotubes to form hollow manganese oxide nanotubes. The
rapid reaction process along with the evolution of gaseous
byproducts allowed for the formation of porous walls of the
hollow nanotubes. The XRD analysis revealed that the hollow
nanotubes were amorphous in nature and converted into
crystalline hollow manganese oxide nanotubes with a dominant
Mn,O; phase when heat-treated at 600 °C. SEM and TEM
analyses further confirmed the formation of hollow nanotubes
with porous worm-like morphologies in amorphous nanotubes
and granular morphologies in crystalline nanotubes. The
catalytic activities of these nanostructures in terms of the
degradation of an organic dye (rhodamine B) solution, as well
as BET surface area measurements, revealed that hollow
amorphous manganese oxide nanotubes provided the highest
surface reaction sites because of their porous hollow tubular
structures. The successful fabrication of amorphous and
crystalline hollow manganese oxide nanotubes with porous
walls offers very high specific surface areas for promising
applications not only in water pollutant treatment but also in
energy storage, solar cells, supercapacitors, and giant magneto-
resistance devices, among others.
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