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Fundamental nature and CO oxidation activities of
indium oxide nanostructures: 1D-wires, 2D-plates, and
3D-cubes and donuts†

Won Joo Kim,a Debabrata Pradhanb and Youngku Sohn*a

Various indium oxide nanostructures of 1D-wires, 2D-hexagonal plates, 3D-cubes and donuts were

synthesized, and their fundamental characteristics and CO oxidation activities were studied in detail.

X-ray diffraction and Raman analysis revealed that the as-synthesized wires and cubes are orthorhombic

InOOH and cubic In(OH)3, respectively. Upon annealing at 700 �C in air, all the as-prepared samples

were recrystallized to cubic In2O3. The direct band gap of various as-synthesized nanostructures was

estimated to be �2.7 eV from the UV-Vis absorption. Two broad photoluminescence peaks were found

at 360 and 450 nm, which are attributed to the oxygen vacancies. The CO oxidation activities were in

the order of hexagonal plates # donuts < cubes < wires, tested by temperature-programmed reaction

mass spectrometry. The difference in activity is explained on the basis of the surface area and oxygen

vacancies of different nanostructures. In particular, the wires showed the CO oxidation onset at around

320 �C, which is 280 �C lower than that of hexagonal plates. The detailed morphology dependent

properties and CO oxidation activities of various In2O3 nanostructures presented in this study provide

new insights into sensor, energy, and environmental applications.
Introduction

Semiconducting indium oxide (In2O3) has actively been studied
fundamentally and technologically for wide applications in
sensors, electronics/displays, catalysts, and solar cells.1–5

Various synthetic (wet chemical and dry physical) methods have
been employed to obtain diversemorphologies including cubes,
rods, wires, belts, pyramids, tubes, hollow spheres, and
owers.6–27 Zai et al. synthesized hierarchical In2O3 nanospheres
and nanocubes by a ligand-assisted hydrothermal method, and
reported BET surface areas of 38.15 and 13.97 m2 g�1, respec-
tively.6 Hydrothermal and solvothermal methods have
commonly been used for conveniently synthesizing In2O3 cubes
and rods.6–12 Yin et al. prepared uniform In(OH)3 nanorod
bundles with 200 nm thick and 3 mm long using ethylene glycol
(EG) and ethylenediamine at 180 �C.11 They obtained In2O3

upon annealing at 640 �C with no severe change in morphology.
Ultrathin nanowires, nanobelts, and arrow-like nanostructures
have generally been obtained by employing physical vapor
deposition methods, and more easily than by wet chemical
methods.13–16 Maestre et al. synthesized arrow like
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nanostructures by the evaporation–deposition method.13 Datta
et al. obtained In2O3 bipyramids by a thermal conversion from
In2S3 micropompons under oxygen conditions at 600 �C.19

In2O3 nanostructures with different morphologies (nano-
cubes, nanorods, hollow spheres, nanoparticles, nanobelts and
mesoporous structures) have been prepared by the wet-chem-
istry route and applied for sensing gases such as H2S, alcohols,
CO, methane, and acetone.17,28–32 In2O3 also has a high potential
applicability as a catalyst in the steam reformation and photo-
catalytic dye degradation.4,33–35 Bielz et al. demonstrated meth-
anol steam reforming reaction, and explained high CO2

selectivity to In2O3.4 Yin et al. synthesized hollow rhombohedral
In2O3 nanocrystals, and showed that it has 7–12 times superior
photodegradation ability of rhodamine B and methylene blue,
compared with those of commercial In2O3.33 Segawa et al. used
In2O3 (50–100 nm) particles as a catalyst for the dehydration of
terminal diols and the reaction of monoalcohols.34

Motivated by high potential applicabilities of In2O3, we
prepared various nanostructures, and investigated their funda-
mental nature. Since several studies have been reported on the
gas sensing performance of In2O3, we focused on the less studied
CO oxidation catalytic activity of the In2O3 nanostructures and
demonstrate morphology dependent catalytic activity. In addi-
tion, the current studies report several new ndings and
advantages of In2O3. First, the catalytic properties could be used
to predict relative gas (e.g. CO and O2) sensing performance of
In2O3 nanostructures because the adsorption of CO and O2 is a
common step for both sensing (of CO and O2) and catalytic
J. Mater. Chem. A, 2013, 1, 10193–10202 | 10193
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reactions. Second, electronic wastes containing indium could be
recycled as a catalyst. Third, this study revealed an unknown
property (e.g. CO oxidation activity) of In2O3 and provides new
basic scientic information which is useful for a clear under-
standing of themechanism responsible for sensing and catalytic
reactions, and development of efficient In oxidematerials. In the
present study, In2O3wires are shown tohave a lower temperature
of CO oxidation activity than that of CeO2 nanopowders, which
have beenwidely studied as aCOoxidation catalyst support. This
indicates that In oxide has potential for application as a catalyst.
Experimental section

For the synthesis of In2O3 nanostructures, we used water (or EG)
as a solvent, and ethylamine (or ammonia and 0.1 M NaOH) to
obtain precipitates. Briey, 5.0 mL of 0.1 M indium sulfate
solution was added into 15.0 mL of water (or EG) solvent, fol-
lowed by ethylamine (or ammonia and 0.1 M NaOH). The solu-
tion was transferred into a 100 mL Teon-lined stainless steel
autoclave, and placed in a 120 �C (or 200 �C) oven for 12 h (or
72 h). The nal products were fully washed with ethanol and
Millipore water, and dried at 80 �C in an oven for further char-
acterization. The surfacemorphology was examined by scanning
electron microscopy (SEM, Hitachi SE-4800). For the trans-
mission electron microscopic (TEM) and high resolution TEM
studies, various In2O3 nanostructures were placed on carbon-
coated Cu grids. The microstructures and electron diffraction
patterns were taken using an FEI Tecnai G2 F20 TEM operated at
200.0 kV. X-ray diffraction (XRD) patterns were obtained using a
PANalytical X'Pert Pro MPD diffractometer with Cu Ka radiation
(40 kV and 30 mA). Thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC) were performed using a
TA Instruments thermal analyzer at aheating rate of 10 �Cmin�1.
UV-Vis absorption spectra were obtained using a Varian Cary
5000 UV-Vis-NIR spectrophotometer. A Bruker Senterra Raman
spectrometer was employed to take Raman spectra of the
samples, at a laser excitation energy of 532 nm. The Fourier
transform infrared (FTIR) spectra were recorded using a Thermo
scientic Nicolet iS10 spectrometer. Photoluminescence spectra
were taken using a SCINCO FluoroMate FS-2. For 700 �C
annealed samples, temperature programmed reduction (TPR)
experiments were carried out using a Quantachrome ChemBET
TPR/TPD apparatus under 5%H2/Ar ow, at a temperature ramp
rate of 10 �Cmin�1. Before TPR, the sample was degassed at 200
�C under N2 ow for 2 h. CO oxidation activities were tested at a
heating rate of 20 �Cmin�1 under the ow ofmixed CO (1%) and
O2 (2.5%) in N2 using an SRS RGA200 quadrupole mass spec-
trometer. We used approximately 15 mg of a catalyst in a quartz
U-tube (with an inner diameter of 4 mm). X-ray photoelectron
spectroscopy (XPS) measurements were performed using a
Thermo-VG Scientic MultiLab 2000 with a monochromatic Al
KaX-ray source (1486.6 eV) and a hemispherical energy analyzer.
Results and discussion

Fig. 1 shows the SEM images of as-prepared samples with
various nanostructures before the thermal treatment. Fig. 1A
10194 | J. Mater. Chem. A, 2013, 1, 10193–10202
shows the SEM image of the sample prepared in EG with
ethylamine (EA) at 120 �C for 12 h. The morphology appears as
nanorods with 100 nm long and <10 nm thick. The length and
the width became longer and wider upon reaction for 72 h
(Fig. 1A1), and at a higher temperature of 200 �C (Fig. 1A2),
respectively. Yin et al. reported nanorods of 200 nm thick and 3
mm long using EG and ethylenediamine at 180 �C. Yang et al.
synthesized nanorod bundles with 500 nm long and 200 nm
thick.12 Compared with the literature,11,12 we obtained much
smaller nanorods. When we used ammonia instead of EA,
nanoparticles were obtained (ESI, Fig. S1†), consistent with the
result reported by Yin et al.11 With water as the solvent instead
of EG, nanocubes were obtained with less than 50 nm width as
shown in Fig. 1B. The size became smaller (less than 10 nm)
upon adding less EA (Fig. 1B1). The temperature was not a
major factor for controlling the size; no critical difference in size
between 1B (200 �C for 12 h) and 1B2 (120 �C for 12 h) was
observed. Fig. 1C and D show the SEM images of donuts and
hexagonal shaped crystals, which have never been reported before.
These shapes were found to be highly reproducible (ESI,
Fig. S2†). With 1.0 mL of 1.0 M NaOH mixed in a 20.0 mL
solvent (5.0 mL of water and 15 mL of EG), we obtained donut
shape crystals of about 600 nm diameter at 120 �C for 12 h
(Fig. 1C). At a higher temperature (Fig. 1C1) and a longer reac-
tion time (Fig. 1C2), the size became slightly larger. Fig. 1D
represents the SEM image of a sample prepared with 2.0 mL of
1.0 M NaOH and the sample morphology appears as ultrathin
hexagonal plates. The hexagonal plates are uniform in size and
highly symmetric with one side length of about 150 nm. These
plates became more symmetrical at a higher temperature and
with a longer reaction time. Upon annealing the as-prepared
samples, the morphology was found to be changed to nano-
particles (for wires), distorted cubes (for cubes), cookies (for
donuts), and cookie crumbs (for plates), as shown in the ESI,
Fig. S3.†

Fig. 2 displays the XRD patterns of as-prepared and annealed
samples with various morphologies as shown in Fig. 1. For the
wires (Fig. 1A), the diffraction features are broad, and in very
good agreement with those of orthorhombic (P21m) InOOH
(JCPDS 1-071-2277). For the nanocubes (Fig. 1B), the XRD
features are sharper, and all in very good agreement with the
patterns of cubic (lm�3, JCPDS 1-076-1464) In(OH)3. The major
crystal planes are assigned to the diffraction peaks. For donuts
and hexagonal plates prepared with the same 0.1 M NaOH, but
different amounts of EG, the XRD patterns are very similar,
indicating the compound with the same crystal structure. Upon
annealing at 700 �C, all the samples showed the same XRD
patterns (or the same crystal structure) of cubic In2O3 although
there is a slight change in peak position and peak width. The
most intense peak at 2q ¼ �30.6� is assigned to the (222) plane.
The oxidation states of as-prepared samples were reported to be
changedby the following chemical reactions: 2InOOH/ In2O3 +
H2O, and 2In(OH)3 / In2O3 + 3H2O.9,21 Very interestingly, Xu
and Wang synthesized ultrathin (�2 nm) InOOH nanowires
using oleylamine and ethanol at 180 �C by a hydrothermal
method. They found that the InOOH transformed into cubic
In2O3 by annealing in air. However, by capping the wires with
This journal is ª The Royal Society of Chemistry 2013
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Fig. 1 SEM images of as-prepared indium nanostructures of wire, cube, donut, and plate shapes.
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silica, the InOOH transformed into rhombohedral In2O3 by
annealing at 400–700 �C. To compare with the literature results,9

we also annealed the InOOH wires, and found that the wires
transformed into rhombohedral In2O3 by annealing at 400 �C.
Upon higher temperature annealing at 700 �C, the rhombohe-
dral structure is further changed to a cubic crystal structure, as
evidencedby theXRDanalysis (ESI, Fig. S4†). Thermogravimetric
and differential scanning calorimetry analysis (TG/DSC) curves
for InOOHwires are provided in the ESI, Fig. S5,† conrming the
compositional evolution from InOOH to In2O3.

On the basis of SEM and XRD results, we propose a growth
mechanism of various nanostructures such as wires, cubes,
donuts (ellipsoids) and plates. Fig. 3 shows the schematic
representation of the formation of different nanostructures
upon varying the morphology controlling reagents. The cubes
with cubic (lm�3) In(OH)3 crystal structure prepared by a
hydrothermal method is known to have [111] as the preferential
growth direction.36–38 When ammonia (or an amine such as
ethylamine) and water (or ethanol) were used in the synthesis,
the surface energy of the {111} face is higher than others and
therefore growth occurs on the same face. The other faces such
as the oxygen-terminated {100} could be protected by RNH3

+

This journal is ª The Royal Society of Chemistry 2013
ions,39which were formed by RNH2 + H2O/ RNH3
+ + OH�. As a

consequence, the In3+ is hydrolyzed to form In(OH)3 at the {111}
face, leading to the formation of cubes. When the solvent was
changed to EG, the In3+ of the {111} face could be capped by EG.
This would lower the surface energy of the {111} face than that
of the {100} face and therefore the [100] face becomes the
preferential growth direction to form a wire structure.9,38,40

Using NaOH instead of ethylamine, ellipsoid donuts and
hexagonal plates were obtained. Here, NaOH plays an impor-
tant role in capping the {001} faces. Therefore, with increasing
[NaOH]/[In3+] mol ratio from 2.0 to 4.0, the ellipsoid structure
changed to the hexagonal plate. The XRD patterns and the
growth direction of the hexagonal plate are found not to match
with the existing JCPDS data. Further investigation assisted by
elemental analysis, XRD Rietveld analysis and high resolution
TEM is underway to nd the unknown crystal structure of
donuts and hexagonal plates. Tentatively, we assume that at a
lower concentration of NaOH, the surface capping by Na+ is not
efficient enough to form a plate structure. At a higher concen-
tration of NaOH, the effect of capping by Na+ becomes efficient
to form hexagonal plates. This growthmechanism appears to be
very similar to the [0001] growth direction of ZnO hexagonal
J. Mater. Chem. A, 2013, 1, 10193–10202 | 10195
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Fig. 2 Powder X-ray diffraction patterns of the as-prepared and 700 �C-
annealed nanostructures. The inset shows the peaks of the (222) plane for 700 �C-
annealed samples.

Fig. 3 The proposed crystal growth mechanism of wires, cubes, donuts and
plates.

Fig. 4 UV-Visible diffuse reflectance absorption spectra of annealed indium
oxide nanostructures (wires, cubes, donuts, and plates).
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plates.41,42 To check the role of alkali metals, we synthesized
donuts and plates with 0.1 M LiOH and KOH solutions (1.0 mL).
We obtained exactly the same crystal structures as those
obtained with 0.1 M NaOH, but with a distortion of donut and
plate shapes (not shown). However, when we used 2.0 mL of 0.1
M LiOH, no products were obtained. In addition, on the basis of
our preliminarily XRD analysis for the fully washed donuts and
plates, the SO4

2� group should be included in the crystal
structure. This group might be exposed to the terminated
surface for Na+ capping during the crystal growth.
10196 | J. Mater. Chem. A, 2013, 1, 10193–10202
Fig. 4 displays the diffuse reectance UV-Visible absorption
spectra of annealed In2O3 samples. The absorbance (Y-axis) was
converted from the diffuse reectance by the Kubelka–Munk
method. Inset plots of [ahn]2 versus hn are used to determine the
absorption edge (or the direct interband absorption gap) by the
intersection of the two straight lines (from [ahn]1/2 and hn). The
cross-absorption edges (or band gaps) for the In2O3 samples are
very similarly located at around 2.7 eV. The actual direct band
gap of In2O3 is somewhat controversial, reported between 2.3
and 3.8 eV.43 Many studies have quoted �3.75 eV for the direct
band gap.44,45 However, Walsh et al. predicted a much lower
band gap, 2.9 eV, by rst-principles calculations and X-ray
spectroscopy.46 Guo et al. synthesized In2O3 porous nano-
platelets, and measured a direct band gap of 3.1 eV.5 Chen et al.
reported a band gap of �2.58 eV for In2O3 nanoparticles.43

Fig. 5 displays photoluminescence spectra of the as-prepared
and 700 �C-annealed In2O3 samples. For the as-prepared
samples, two broad peaks are commonly observed at 360 and
450 nm. Interestingly, the luminescence peak at 360 nm is
dominant for wires, donuts, and plates, and the peak at 450 nm
is minor. The relative luminescence intensities at 360 nm are
different with morphology. However, for as-synthesized In(OH)3
nanocubes, the luminescence at �450 nm is stronger than the
other at 360 nm. Upon annealing the samples, the photo-
luminescence spectra became very similar for all the samples
with a decrease in the photoluminescence intensity. The two
major peak positions at 360 and 450 nm show no critical
change, but the ratio of their intensities i.e. I360nm/I450nm was
reversed for wires, donuts, and plates. The luminescence peak
of In2O3 at different wavelengths has commonly been attributed
to different subgap (deep or shallow) energy levels of various
oxygen defects (or vacancies), where the electron in the vacancy
recombines with a hole to emit a photon.11,22,47 The reported
luminescence peak positions range from 340 nm to 640 nm,
which depends on the preparation methods.9,10,12,16,19,20,25,47–51

Gan et al. employed an electrodeposition method to prepare
In2O3 nanocubes deposited on a FTO glass, and observed a
strong broad blue emission peak at 405 nm, attributed to singly
ionized oxygen vacancies.2 Chun et al. reported two broad peaks
at 384 and 530 nm for In2O3 nanobelts prepared by chemical
vapor deposition, attributed to near band gap emission and
This journal is ª The Royal Society of Chemistry 2013
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Fig. 5 Photoluminescence spectra of the as-prepared and 700 �C-annealed In2O3 samples at an excitation wavelength of 280 nm. The inset shows the relative PL
intensities at �360 nm and 450 nm emission peaks for the as-prepared and annealed samples, respectively.

Fig. 6 Raman spectra of as-prepared (wires, cubes, donuts, and plates), and
700 �C-annealed In2O3 samples. The inset shows the normalized Raman peaks at
306 cm�1.
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oxygen vacancies, respectively.16 On the basis of litera-
ture,9,10,12,16,19,20,25,47–50 it can be concluded that the luminescence
at longer (500–650 nm) wavelengths is due to deep oxygen
vacancy energy levels of In2O3 samples prepared by a physical
vapor deposition.16,50 For the In2O3 prepared by a wet chemical
method, photoluminescence appears between 400 and 500 nm,
consistent with our results.9,10,12,20,25,47–49

Fig. 6 shows the Raman spectra of the as-prepared and
annealed In2O3 samples. The corresponding FTIR spectra are
provided in the ESI, Fig. S6.† For the as-prepared In(OH)3
nanocubes, the Raman peaks are observed at 310 (In-O sym.
stretching), 357 (In-O antisym. stretching), and 392 cm�1 (In-O
antisym. stretching), consistent with the literature.10,52 In the
case of InOOH wires, Raman peaks are found at 195, 255, and
315 cm�1, fairly consistent with the result by Yan et al.53 For the
annealed samples, we found Raman peaks at 132, 306, 365, 495
and 629 cm�1, in agreement with the literature.2,5,14,24,25,31 For
the body-centered cubic In2O3, the vibrational modes are
described as 4Ag (Raman active) + 4Eg (Raman active) + 14Tg
(Raman active) + 5Au (inactive for both Raman and IR) + 5Eu

(inactive for Raman and IR) + 16Tu (IR active).2,5,54,55 The width
of Eg modes at 306 cm�1 show the order of wires < cubes <
donutsz plates, and the positions are slightly shied to a lower
wavenumber in the order of donutsz plates < cubes < wire. For
the annealed wires, the weak peak at 164 cm�1 is attributed to a
This journal is ª The Royal Society of Chemistry 2013
vibrational mode of hexagonal In2O3.56 For the annealed plates
and donuts, we found an extra Raman peak at 464 cm�1,
although such differences were not found in the XRD patterns.
This is tentatively attributed to a local structural defect.
J. Mater. Chem. A, 2013, 1, 10193–10202 | 10197
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Fig. 7 Temperature-programmed H2 reduction profiles of different shapes (wire,
cube, plate, and donut shapes before annealing) of In2O3 samples.
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Fig. 7 displays temperature-programmed H2 reduction
proles for the four different In2O3 samples. A dominant peak is
commonly found at 900 �C, which is attributed to the reduction
of bulk In2O3.34 The weak peak below 600 �C is likely due to the
reduction of surface oxygen. The surface reduction peak posi-
tions are different with different samples; no peak for wires, 350
and 530 �C for cubes, and 570 �C for donuts and plates. Segawa
Fig. 8 The 1st and 2nd test runs of CO oxidation of different shapes (wire, cube, p
Schematics of the experimental setup for the CO oxidation test. The inset in the up

10198 | J. Mater. Chem. A, 2013, 1, 10193–10202
et al. observed two broad reduction peaks at 200–400 �C (very
weak) and 700 �C (strong), attributed to the reduction of surface
oxygen and bulk In2O3, respectively.34 These peaks are reported
to be at a much lower temperature than those found in the
present work. Interestingly, a sharp reduction peak is found at
�810 �C in the region of bulk reduction for donuts and plates.
As mentioned in the Raman discussion (Fig. 6), this peak is
likely due to the reduction at local sites in the In2O3 structure.

Fig. 8 shows the CO oxidation activities of the wires, cubes,
donuts, and hexagonal plates. The CO oxidation reaction on an
oxide catalyst strongly depends on the adsorption of CO and O2

on its surface. In other expressions, the oxide surface is directly
related to the sensing behavior of CO and O2. For this reason, we
could predict a relative gas sensing performance from the CO
oxidation activity. In the 1st test run, the onset temperature of
CO2 formation is dramatically different for different samples.
The wires and cubes show the onsets at 300 and 350 �C,
respectively. The onset for donuts and plates is positioned at a
much higher temperature of >850 �C. In addition to the CO2

signal, we also detected the H2O signal in the 1st test run by
mass spectrometry. Since the as-prepared samples contain the
–OH group, i.e. InOOH for wires and In(OH)3 for cubes, H2O
evolution will occur via 2InOOH / In2O3 + H2O, and 2In(OH)3
/ In2O3 + 3H2O.9,21,57 For the wires and cubes, the H2O signal
starts to appear at 200 �C, and the maximum peak intensity of
H2O is located at 380 �C. The H2O signal is shaper and stronger
late, and donut shapes before annealing) of as-prepared samples shown in Fig. 1.
per right displays the CO oxidation onset temperature.

This journal is ª The Royal Society of Chemistry 2013
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for In(OH)3 cubes than that for InOOH wires. On the basis of
thermogravimetric and differential scanning calorimetric
analysis for In(OH)3,9 an endothermic peak and weight loss
occur at around 278 �C for In(OH)3, consistent with our result.
For InOOH, the thermogravimetric analysis curve is provided in
the ESI, Fig. S5;† the weight gradually decreased from 100 to 550
�C.21 In the 2nd test run, no H2O signal was detected because of
the complete conversion of In-OH to In-O structure in the 1st
run. For the wires and cubes, the CO oxidation onset tempera-
ture was observed at a slightly higher temperature (or lower CO
oxidation activity) by 15–35 �C. It appears that in the 1st run
H2O evolution plays a role in the CO oxidation activity which in
turn depends on the morphology of sample. For the donuts and
plates, the onset temperatures appear at much lower tempera-
tures i.e. at 470 and 600 �C, respectively, compared with the 1st
test run. However, compared with wires and cubes, the CO
oxidation onset temperatures for the donuts and plates are
located at higher temperature by 100–200 �C. In other words,
the CO oxidation activity is poorer for the donuts and plates. It
is worth comparing the CO oxidation activity of In2O3 with CeO2

nanopowders (ESI†, Fig. S7), which is commonly used as a CO
oxidation catalyst support. The CeO2 nanoparticles with a
diameter of about 20 nm were synthesized by a hydrothermal
method at 120 �C for 12 hours. Very interestingly, the onset
temperature of In2O3 (wire) was 50 �C lower than that of the
CeO2 nanopowders. This reects that In2O3 shows a better
catalytic performance, and has potential application in
catalysis.38,58

To further explain the difference in CO oxidation activity, we
examined BET surface areas of the annealed In2O3 samples and
summarized them in Table 1. The BET surface areas of wires
and cubes are 2–3 times larger than those of donuts and plates.
The larger the surface area we expect the higher catalytic
activity. Generally, the material with a high surface area shows
higher gas sensitivity and catalytic activity. Interestingly, wires
show higher catalytic activity by 50 �C even though its surface
area is smaller than that of cubes, which indicates that the
additional factors such as defects may play a role in the activity.
As an additional factor, the oxygen vacancy is the most plau-
sible. In the PL spectra (Fig. 5) discussed above, two broad peaks
were attributed to two different oxygen vacancies, whichmay act
as an active site for CO oxidation (or CO and O2 adsorption). The
ratio of I360nm/I450nm was in the order of wires < cubes < donuts <
plates, in good agreement with the order of the CO oxidation
activity. The CO oxidation occurs by CO + [M � O]*/ CO2 + M,
where [M � O]* is an active oxygen. The active oxygen site is
most plausibly formed by chemisorption of molecular oxygen
on oxygen vacancies. The different oxygen vacancies originate
from the different recrystallization temperature forming cubic
In2O3 in air (or oxygen) since all the as-prepared samples have
different crystal structures. As discussed above, the wires with
Table 1 BET surface areas (m2 g�1) of various In2O3 nanostructures

Samples Wires Cubes Donuts Plates

Surface area (m2 g�1) 16.1 19.0 6.8 5.9

This journal is ª The Royal Society of Chemistry 2013
InOOH rst change to rhombohedral In2O3 at 400 �C, and then
to cubic In2O3 at 700 �C. The In(OH)3 cubes and the donuts/
plates convert to cubic In2O3 at above 400 �C and 700 �C,
respectively. Intuitively, the different recrystallization tempera-
tures result in different oxygen vacancies.

XPS was employed to further understand the difference in
CO oxidation activity and other related surface adsorption
applications (e.g., molecular sensing). Fig. 9 displays the survey
and narrow scan (In 3d and O 1s) X-ray photoelectron spectra of
various annealed In2O3 nanostructures. In typical survey scans
before and aer sputtering, indium, oxygen and carbon species
were found as expected. For the narrow In 3d XPS spectra of the
four different In2O3 samples before sputtering, In 3d5/2 and In
3d3/2 XPS peaks were commonly found at 444.8 (�0.1) eV and
452.4 (�0.1) eV, with a spin–orbit splitting of 7.6 eV, attributed
to In of In2O3.2,37,59,60 No critical difference in In 3d XPS binding
Fig. 9 Survey and narrow In 3d and O 1s XPS profiles of different shapes (wire,
cube, plate, and donut shapes before annealing) of annealed In2O3 samples.

J. Mater. Chem. A, 2013, 1, 10193–10202 | 10199
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energy (BE) was found for the samples with different
morphologies. However, upon sputtering the In2O3 samples the
In 3d XPS showed a drastic change in the intensities. For the
donuts and plates, the In 3d XPS peaks were more signicantly
increased upon removing adsorbed species by sputtering,
compared with wires and cubes. For the O 1s XPS of wires and
cubes, two broad peaks were commonly observed. The major
peak at 530.3 (�0.1) eV was attributed to the lattice oxygen of
In2O3.2,37 The other (minor) higher BE peak could be due to
adsorbed oxygen species such as OH and H2O, which were
substantially reduced upon sputtering. Interestingly, for donuts
and plates before sputtering, the major peak was positioned at
532.9 eV, due to adsorbed oxygen species. The minor peak was
Fig. 10 TEM and HRTEM images of annealed wires, cubes, donuts, and plates.
The inset shows the corresponding electron diffraction pattern.

10200 | J. Mater. Chem. A, 2013, 1, 10193–10202
at 530.4 eV, which became a major peak upon removing
adsorbed species by sputtering. However, the higher BE peak
still showed a signicant intensity. As discussed above, the CO
oxidation activity was lower for donuts and plates, compared
with wires and cubes. This reects that the oxygen sites play a
major role in CO oxidation activity.

Fig. 10 shows the TEM, HRTEM and electron diffraction
patterns obtained for the four different In2O3 samples. On the
basis of the TEM images, the donuts and plates appeared to be
more aggregated, compared with the wires and cubes. As a
consequence, the surface area is expected to be lower for donuts
and plates, in good agreement with the experimental BET
results (Table 1). For all the In2O3 samples, the electron
diffraction patterns commonly showed the planes such as {222},
{400} and {440}, exactly as observed in the XRD patterns.9,37,59,61

The HRTEM images of these nanostructures show the clear and
continuous lattices indicating the crystalline nature of the
materials, which correlates with the XRD results. A lattice
spacing of �0.29 nm (for wires and cubes), 0.41 nm (donuts),
and 0.25 nm (plates) is measured from the HRTEM images.
Conclusions

We synthesized 1D-wires, 2D-hexagonal plates, 3D-cubes and
donuts using ethylamine (and NaOH) in water (and ethylene
glycol) solvent by a hydrothermal (and solvothermal) method.
On the basis of XRD and Raman data, it was conrmed that the
wires and cubes are orthorhombic InOOH and cubic In(OH)3,
respectively. All the 700 �C-annealed samples show cubic In2O3

with an estimated band gap of �2.7 eV, lower than that mostly
reported in the literature. Two broad photoluminescence peaks
were found at 360 and 450 nm for the as-prepared and annealed
samples attributed to the oxygen vacancies. The photo-
luminescence intensity ratio of I360nm/I450nm is greater than 1
for the as-prepared wires, donuts, and hexagonal plates,
whereas about 1 for the as-prepared cubes. The photo-
luminescence proles became very similar, and the I360nm/
I450nm ratio is smaller than 1 upon annealing the as-prepared
samples. The I360nm/I450nm ratio is the relative abundance of
deep and shallow oxygen vacancies, and appears to be directly
related to the relative CO oxidation activity. The morphology
(e.g., different surface area and oxygen vacancy) of samples is
found to have a dramatic effect on the CO oxidation activities.
The CO oxidation occurs by CO + [M � O]* / CO2 + M, where
[M � O]* is the active atomic oxygen in the lattice. The active
oxygen appears to be directly related to the oxygen vacancies.
The CO oxidation activities follow the order of hexagonal plates
z donuts � cubes < wires in the 1st test run. During the 1st
run, H2O evolution also occurred accompanying a chemical
reaction i.e. 2InOOH / In2O3 + H2O, and 2In(OH)3 / In2O3 +
3H2O for the as-synthesized InOOH and In(OH)3 samples,
respectively. The order of CO oxidation activity became plates�
donuts < cubes < wires in the 2nd test run. The wires showed the
CO oxidation onset at around 320 �C, which is 280 �C lower (or
more active) than that of hexagonal plates. The BET surface
areas of annealed wires, cubes, donuts, and plates were
measured to be 16.1, 19.0, 6.8, and 5.9 m2 g�1, respectively. The
This journal is ª The Royal Society of Chemistry 2013
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chemical states and local crystal structures of various In2O3

were further examined by X-ray photoelectron spectroscopy and
HRTEM, respectively. Our ndings on the morphology depen-
dent material characteristics and catalytic activities provide new
insights for developing indium oxide nanomaterials for sensor,
energy, and clean environment applications.
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