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This work reports a facile method for preparing the new photoactive In2O3 films as well as their
implementation in photoelectrochemical (PEC) application. We firstly investigated the relationship
between oxygen vacancies (VO) and PEC performance and revealed a rule between them. We found that the
optimized In2O32n sample yielded a photocurrent density up to 3.83 mA/cm2 in 1 M Na2SO4 solution
under the solar illumination. It also gave efficiency as high as 75% over 400 nm in the
incident-photon-to-current-conversion efficiency (IPCE) spectrum, which is the best value for an In2O3
photoanode reported. Moreover, the PEC performance of these films is enhanced as the VO increased and
then decreased with further increasing VO. This two-side effect means VO can favor the photoelectron
activation, or act as recombination centers to prohibit the generation of photocurrent. Making highly
photoactive In2O3 nanostructures in this work will open up new opportunities in various areas.

A
dvanced materials for utilizing renewable energy from sources such as biofuels, wind, photoelectric,
geothermal, and hydrogen have widely attracted interest and investigation for addressing energy crisis.
In these decades, considerable efforts have been made in these areas. And it is well known that the

underexploited potential of solar energy remains a limitless source, especially its conversion to hydrogen energy
via photoelectrochemical (PEC) water splitting. Since it was introduced in 1991, the low-cost, high-efficiency,
PEC solar cell has attracted intensive interest as a promising candidate for future green energy1. However, the
overall power conversion efficiency is still too low and this needs to be further improved before the technology can
be commercialized. The overall sunlight-to-electric-power conversion process in a PEC cell can be summarized as
the successive procedure of photogeneration, charge-carriers transport, and collection. There are two major
approaches to enhance sunlight harvesting improving photoelectrochemical efficiency and stability of an elec-
trode. The first approach is to develop nanostructured electrodes with extremely large effective area to improve
the charge-carrier transport capability of active layer. Employment of functional nanostructured photoanodes
such as nanotubes, nanowires, and nanofibers, nanotrees, and nanoforests2–9 have been used in PEC, and these
nanostructures exhibit higher specific capacitances than their bulk counterparts. The second approach is to
introduce the photonic crystal10,11, doped with lower bang gap semiconductor12 or include a light-scattering
layer13–15 to trap more light in the device. Nevertheless, some methods are limited by high cost and complex
procedure and most of them are not easily controllable. It is highly desirable to fundamentally improve the
sunlight harvesting and charge-carrier transport behavior of metal oxide electrodes.

Indium oxide (In2O3) is of great interest for various technological applications ranging from optoelectronics to
chemical sensors because of its unique properties of high transparency and simultaneously metallic conduc-
tivity16–17. In2O3 satisfy some important demands for the direct photoelectrolysis of water splitting. With excellent
conductivity and stability, its position of the conduction and valence band edges right bracket the redox potentials
of water18. In these decades, not much research focus on the application of In2O3 as a photovoltaic material The
large band gap of In2O3 (3.5 eV) makes it inefficient in utilizing visible light, so the overall power conversion
efficiency is too low while applied in a PEC cell. For instance, the previous reported photogenerated current
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densities of In2O3 films (0.75 mA/cm2)19 are significantly smaller
than that obtained from other metal oxides such as TiO2, CdS,
CdSe. The relatively weak results were attributed to the poor photo-
electro-activity and poor charge-carrier transport in In2O3. There-
fore, addressing the shortcomings in In2O3 during the photovoltaic
process remains an important subject for developing the In2O3

photo-electro devices.
It still remains unclear that how the oxygen vacancies (VO) or

other defect states affect the performance of the In2O3 semi-
conductor in photoelectric transfer. We hypothesize that introducing
VO into In2O3 microstructure could break through these limitations
and thus improve PEC performance of In2O3 materials. This is moti-
vated by our recent demonstration that specific capacitance of
TiO2 nanostructures are significantly improved by increased donor
densities resulted from introduction of oxygen vacancy states via
thermal treatment in hydrogen atmosphere20. For the design of high-
performance photovoltaic materials in the field of solar energy con-
version, in our research work, we have developed a facile controllable
method to synthesized In2O32n nanocubes that possess different
amount of oxygen vacancies without using hydrogenation. Accor-
dingly, this method we used is simple, low-cost, easy to scale and very
environmental friendly. Then, we are the first who extensively invest-
igate the effects of VO on the PEC performance of In2O3 nanostruc-
ture. This work aims at providing a new insight the effects of VO in
upgrading phototelectrochemical properties in microscopic scale.

Results
The surface morphology of the as-prepared In2O3 samples were
investigated by SEM, and the result of the In2O3 nanocubes prepared
via cathodic electrodeposition followed by 350uC annealing is pre-
sented in Figure 1a. Smooth surfaces of the nancubes can be observed
and the angle between the adjacent edges is measured relatively close
to 90u. The cube is simply enclosed with 3 crystal faces of surfaces21.
Figure 1c shows a low-magnification TEM image of a single In2O3

nanocube with the diameter of about 300 nm. Figure 1b is the high-
resolution TEM (HRTEM) image of the selected area marked in
Figure 1c, disclosing the lattice fringe spacing of 0.30 nm (see the
magnified HRTEM in Figure 1d), which matches well with the (222)
lattice spacing of body-centered-cubic (bcc) In2O3. Figure 1g is the
corresponding SAED pattern of a cube (marked by a dashed circle in
Figure 1c), confirming that the pseudo-polycrystalline structure of a
nanocube was formed after annealing. The spot rings can be indexed
as the (222), (125), and (662) planes, corresponding to the bcc struc-
ture In2O3. Figure 1e,f displays the enlarged image of the HRTEM
(marked by the dashed square in Figure 1b), which exhibits clear fault
zone and misfit dislocations. This confirms the existence of defects in
the In2O3 nanocubes, which is concerned with the PEC performance
of them below.

To further determine the crystal structure and possible phase
transformation during different annealing temperature, XRD pat-
terns of the as deposited In(OH)3 untreated, air-annealed at 250uC,
350uC, 450uC were collected in Figure 2. The patterns clearly show
that the untreated electrodeposited sample is In(OH)3 (JCPDF # 16-
0161) and it transform to In2O3 (JCPDF # 06-0416) above the tem-
perature 250uC in air atmosphere. Apart from this, the peak intensity
of In2O3 gradually become stronger as the annealing temperature
increased, suggesting the crystal structure of In2O3 may be modified
in oxygen atmosphere at 450uC. It can be deduced that, annealing of
In2O3 in an oxygen sufficient environment at higher temperature will
promote the phase transformation and enhanced crystallinity22.

The defect states of as-prepared sample treated in different tem-
perature and environment were analyzed using room temperature
Raman-scattering, as shown in Figure S1 (Supporting Information).
Figure 3 displays the Raman shift data from 50–800 cm21. Two very
low frequency sets at 103 and 130 cm21, two low frequency sets at
302 and 366 cm21, and two high frequency sets at 494 and 629 cm21

belong to the vibration modes of bcc-In2O3, which agree well with the
reported values in the literature23–24. In fact body-centered cubic

Figure 1 | (a) SEM images of the as-synthesized In2O3 nanocubes on FTO substrates. (b,c) HRTEM image and HRTEM image of a single In2O3 nanocube.

(d) Enlarged image of the white square marked in (b). (e,f) Enlarged image of the selected part (yellow, blue Square) marked in (b), (g) SAED pattern of

the area marked in the TEM image of (c).
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In2O3 belongs to the space group Ia3, Th
25. The structure contains

two kinds of cations: 8 In31 with side symmetry S6 and 24 In31 with
point symmetry C2. The 48 oxygen atoms in the body-centered cell
are on general positions (e) with C1 site symmetry. For such a struc-
ture, the following vibration modes are predicted26:

4Ag14Eg114Tg15Au15Eu116Tu (1)

The vibrations with symmetry Ag, Eg, and Tg are Raman active and
infrared inactive, while the Tu vibrations are infrared active and
Raman inactive. The Au and Eu vibrations are inactive in both infra-
red and Raman measurements. The peak at 131 cm21 is assigned to
the In-O vibration of InO6 structure units27. The scattering feature at
308 cm21 is usually interpreted as the bending vibration d (InO6) of
octahedrons28. The other two peaks 497 and 630 cm21 are attributed
to the stretching vibrations of the same n (InO6) octahedrons,

whereas the 367 cm21 is assigned to the stretching vibrations of
the In-O-In. It’s worth noting that it also reflects the oxygen
vacancies in the In2O3 structure29. Moreover, under the same heating
temperature, the relative intensity of the above In-O-In defects
shown in Figure 3 of the 250uC sample is higher than those in
350uC and 450uC, implying In2O3 nanocubes heated inhigher tem-
perature possess less oxygen vacancies30.

In order to understand the chemical composition and defect state
of the product, X-ray photoelectron spectroscopy (XPS) analysis was
performed on the different In2O3 samples. Figure 4a displays the In
3d core level spectrum of the three In2O3 nanocubes. A perfect fit to
two peaks located at 444.6 and 452.1 eV are clearly observed, which
can be attributed to the characteristic spin-orbit split 3d5/2 and 3d3/2,
respectively31. This result indicates the Indium valency is mainly 13
in the product. As the annealing temperature increased, the chemical
state of In did not change much. It can be deduced that the annealing
process won’t affect the In31 in the lattice structure. Figure 4b is the O
1s core level spectrum, clearly showing that two peaks can be iden-
tified. The peak at about 529.9 eV originates from the oxygen bond of
In–O–In, and the peak at 531.6 eV corresponds to the oxygen defects
in the matrix of metal oxide31,32. As for the sample treated in air
atmosphere, their peak area of 531.6 eV is clearly different, with
the ratio of 250Air5350Air5450Air 53.553.152.4. This indicates
that the oxygen vacancies of the samples vary from 250uC to

Figure 3 | Enlarged Room temperature Raman-scattering spectrum in
range 50–800 cm21 of as-prepared In2O3 nanocubes obtained by
calcination in air at 2506C, 3506C, 4506C, respectively.

Figure 4 | (a) Normalized In 3d core level XPS spectra of 250uC (black

diamond), 350uC (blue circle), 450uC (red triangle) - air In2O3 film; (b)

Curve fitting of the O 1 s peak in the XPS spectrum of 250uC, 350uC, 450uC
- air In2O3 film, respectively. Black circles are the experimental data, which

are deconvoluted into two peaks centered at 529.9 eV (green dashed curve)

and 531.6 eV (pink dashed curve).

Figure 2 | Comparison of XRD patterns of as-prepared In(OH)3 without
heat treatment and In2O3 nanocubes obtained by calcination in air at
2506C, 3506C and 4506C, respectively.
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450uC. That is to say, lower heat treatment temperature will promote
the oxygen vacancies’ existence.

For better understanding the presence of defects in the samples, we
used a combined fluorescence lifetime and steady state spectrometer
(EDINBURGH) to investigate the room temperature photolumines-
cence (PL) spectra of samples, as shown in Figure 5. Our In2O3

nanocubes have a strong and sharp PL emission centered at
405 nm. It is known that emission spectra can be divided into two
broad categories: the near-band-edge (NBE) emissions and deep-
level (DL) emissions. The NBE emissions can be favored by the high
crystal quality and quantum confinement effect, and the DL emis-
sions can be enhanced by impurities, or structure defects of the
crystal33,34. The detectable 405 nm emission at room temperature is
mainly attributed to the existence of surface oxygen vacancies and
defects of In2O3 nanocubes, which may lead to a high DL-emissions-
to-NBE-emissions ratio35–37. The PL spectra of our In2O3 nanocubes
exhibit a blue-shifted emission peak positioned at 405 nm in com-
parison with the result reported by other groups38,39. This may be due
to the singly ionized oxygen vacancies in In2O3, and the emission
results from the radioactive recombination of a photogenerated hole
with an electron occupying the oxygen vacancy36,37.

As compared to In2O3 nanocubes obtained in 450uC, the intensity
of emission peaks gradually strengthened for those in 350uC and
250uC. One is note that their positions in the emission spectra are
identical to each other. We consider the intensity of emission peaks
of In2O3 obtained at 250uC increased as a result of more oxygen
vacancies and defects. With increasing calcination temperature
and air-sufficient atmosphere, the crystallinity of the samples was
improved, which caused a rapid reduction of oxygen vacancies and
defects.

PEC studies on three In2O3 nanocube films, 250uC-air, 350uC-air
and 450uC-air, have been carried out to understand the effect of
oxygen vacancies on In2O3 nanocube-based photoanode for PEC
hydrogen generation. Linear sweep voltammograms and incident
photon to current conversion efficiency (IPCE) measurements were
conducted on a CHI 660D electrochemical workstation with a
150 W xenon arc lamp as the white light source. The electrolyte used
was a 1 M Na2SO4 aqueous solution. IPCE measurements were car-
ried out in the same electrolyte at zero bias (0 V vs Ag/AgCl). The
linear sweep voltammograms in a potential range of 20.6 to 0.5 V
recorded from these samples in the dark and with white light illu-

mination of 100 mW/cm2 are shown in Figure 6. By analyzing these
data, we reached two important conclusions. First, all samples show a
drastic increase in photocurrent density at an onset potential of
20.35 V vs Ag/AgCl, and the photocurrent saturated at a substan-
tially lower potential of 0 V vs Ag/AgCl (1.0 V vs RHE). The negative
shift of saturation potential indicates that the charge separation and
transportation in the samples are more efficient. Second, when the
light was on, the photocurrent densities of these films are enhanced
as the annealing temperature increased from 250 to 350uC and then
decreased with further increasing temperature. It confirms that
changing annealing temperature is a simple and effective method
for controlling the PEC performance of In2O3. The highest photo-
current was recorded in 350uC-air sample up to 3.83 mA/cm2. Under
visible light illumination (using UV filter, l.400 nm), all the
annealing samples still exhibit strong photocurrent response feature
and the order of intensity of the samples remain the same as before.
(Figure 6b) The best photocurrent reaches 2.60 mA/cm2, which is the
best value for an In2O3 photoanode reported. This present result is
much higher than the reported values of In2O3 nanospheres
(0.75 mA/cm2 at 0.0 V)19, N-doped In2O3 (0.30 mA/cm2 at 0.2
V)40, and TiO2@In2O3 (0.12 mA/cm2 at 0.2 V)41.

In order to make a quantitative correlation between all the samples
treated in different conditions, we performed incident-photon-to-
current-conversion efficiency (IPCE) measurements as a means of
studying the photoactive wavelength regime for the nanostructured
In2O3 films (Figure 7). IPCE can be expressed as42

IPCE5 (1240 I)/(l Jlight) (2)

Where I is the photocurrent density, l the incident light wave-
length, and Jlight is the measured irradiance. As shown in Figure 7, the

Figure 5 | Room temperature photoluminescence spectra of as-prepared
In2O3 nanocubes obtained by calcination in air at 2506C, 3506C, 4506C
with the excitation wavelength of 288 nm.

Figure 6 | Linear sweeps voltammogram collected from In2O3 nanocubes
obtained by calcination in air at 2506C, 3506C, and 4506C with (a)
sunlight on and off and (b) visible light (400,l,700 nm) on and off.

www.nature.com/scientificreports
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IPCEs measured for the four film types were consistent with the I-V
curves, with the 350uC air films giving the highest efficiency. Around
400 nm, it gave IPCE values up to 75%. The onset wavelengths of
photocurrents were 575, 550 and 525 nm for 350uC air, 250uC air
and 450uC air films, respectively, which are well match the results of
the UV-vis absorption spectra. (Figure S2, Supporting Information)
The 450uC film had a strong photoresponse in the UV region but
little photoresponse in .400 nm. In contrast, the 350uC air showed
substantial photoactivity in the visible light region from 350 to
550 nm in addition to strong photoresponse in the near-UV. These
results clearly confirm that the existence of oxygen vacancies im-
proves the visible light absorption, while excess of them has a revers-
ible effect on IPCE. It significantly decreases the IPCE throughout
the entire visible to near-UV region for the 250uC sample which
possesses the most defects.

Discussion
Such enhanced photoelectrochemical performance of annealed
In2O32n nanocubes can be attributed to the improved electrical con-
ductivity43, crystallinity and increased oxygen vacancies group after
annealing, which can provide more efficient transport pathways for
electrons and contribute more charge carriers. As well known, the
photocurrent densities are closely related to the generation of photo-
electrons. And the transfer of them has to be taken into consideration.
The defect states are well acknowledged to dominate the transfer of
photoelectrons. The amount of defect states in semiconductors can be
estimated from the discussion of Raman spectra, XPS, PL above. As
shown in Figure 3–5. The result correspondingly implies that the
amount of defect state in In2O3 nanocubes is 250uC air (larger n).
350uC air . 450uC air (smaller n). The PEC performance recorded
from the sample indicates that oxygen vacancies and defect states
have a two-faced effect on the charge carrier transfer process promot-
ing photocurrent. Figure 8 shows the plot of the best IPCE efficiency
at the visible wavelength over 400 nm of different In2O32n films as a
function of the relative oxygen vacancy amount, which clearly reveals
the relationship between VO and PEC properties.

Firstly, oxygen vacancies were formed while calcinating the sam-
ple and the process can be interpreted as below:

2 In(OH)3
DR In2O32n 1 1/2 O2 (g) 1 n H2O (g) (3)

The hydroxyl group in the indium hydroxide lattice will be
removed in the form of water vapour during calcination. Some of
the lattice oxygen may also be released in the form of O2 gas, thus

leaving oxygen vacancies. The relation depicted below describes the
formation of oxygen vacancy:

Oo
x « 1/2 O2 (g) 1 Vo (4)

The neutral oxygen vacancies may be singly ionized (Vo
N) or dou-

bly ionized (Vo
..):

Vo « Vo
N 1 e2 (5)

Vo
N « Vo

.. 1 e2 (6)

Where Vo is the neutral oxygen vacancy and Oo
x is an oxide anion

in a regular lattice site, e2 is an electron in the conduction band.
The electronic state of In2O3 was calculated by the molecular

orbital (MO) theory and CASTEP method, as shown in the
Supporting Information, Figure S3. The effects of oxygen vacancies
on the energy levels were studied as well. In2O3 has the cubic bixbyite
structure in which O22 ions occupy orderly in three-fourths of the
tetrahedral interstices of a face-centered-cubic In31 ion array41. In2O3

should have a filled O22: 2p valence band that is primarily oxygen 2p
in character. The In: 3d10 core lies well below the valence-band edge
Ev. The conduction band Ec mainly consists of In: 5s and In: 5p, as
shown in Figure 9a. The O22: 2p states are bonding, the In: 5s states
are antibonding. The as prepared indium oxide with oxygen vacan-
cies was indicated as In2O32n where n (amount of Vo) symbolizes a
vacant tetrahedral interstice of the face-centered-cubic In31 ion
array. Of these vacancies, part of the In31 ion are ordered and n/2
per In31 ion are randomly distributed over the O22 ion subarray.
Thus the Vo signifies oxygen-array vacancies. Each Vo is surrounded
by In31 ion 5s orbitals that are stabilized from the In 5s band by a lack
of covalent bonding with the missing O22 ion; therefore, symme-
trized In 5s orbitals at each Vo form shallow donor state level just
below Ec that accommodate two electrons per oxygen vacancy. That
is to say, the shallow donor state originated from In 5s orbitals, which
can be called a new vacancy level, is created by loss of oxygen atoms.
Our calculation result shows that the first and second vacancy level is
about 0.055 eV and 0.094 eV below Ec for low n, (Figure S3,
Supporting Information) which is in accord with the measurements
of Weiher et al44.

On the other hand, according to the MO theory, O atoms in the
nearest neighbor position form a bonding orbital and an antibonding
orbital with In atom. If the bonds break, the energy of the bonding
orbital increases and the energy of the antibonding orbital decreases.
At high Vo concentrations (i. e., larger n), a Vo impurity band, which
consists of unlocalized molecular orbital, forms by newly generated

Figure 7 | IPCE spectra of In2O3 nanocubes obtained by calcination in air
at 2506C, 3506C, 4506C, collected at the incident wavelength range from
300 to 650 nm at a potential of 20.6 V vs Ag/AgCl.

Figure 8 | Plot of the best IPCE efficiency at the visible wavelength over
400 nm of In2O3 nanocubes obtained by calcination in air at 2506C,
3506C, 4506C, as a function of the relative oxygen vacancy amount.

www.nature.com/scientificreports
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bonding energy. It overlaps Ec at the bottom of the conduction band,
thus producing a degenerate semiconductor. The Vo impurity band
acts more like a electron trapper demoting them transfer between Ev

and Ec. Furthermore, the molecular orbital in the valence band,
which has a large contribution from oxygen atoms near the vacancy,
shifts by 0.08 eV45 due to the lack of oxygen. This situation is shown
schematically in Figure 9a.

Base on the discussion above, the vacancies related to the prepar-
ing process can act as donors and induce the formation of new energy
levels in the band gap. We believe oxygen vacancies in the In2O3

structure play a critical role in the visible light absorption. XPS data
confirmed that the all samples are not doped with other elements, so
the possible defect states are attributed to the formation of oxygen
vacancies. Based on the In2O3 band gap (Figure S4, Supporting
Information) and the energy levels of oxygen vacancies, we construct
a simplified energy diagram illustrating the transport of electrons in
different In2O3 films (referenced to normal hydrogen electrode
(NHE) to compare the efficiency between them more clearly. The
strong UV absorption of In2O3 is due to the electronic transition
from the valence band to the conduction band. (Figure S2, Sup-
porting Information) The visible light absorption can be attributed
to the electron transition from the In2O3 valence band to the new
oxygen vacancy energy levels, or from the oxygen vacancies to the
conduction band46–48. Therefore, it is possible to use less energy per
time to activate the photoelectrons and thus effectively improve the
carrier separation efficiency. Here, the oxygen vacancy is a key role in
promoting photoelectrochemical performance. (Figure 9a, middle)

Secondly, the sample annealed in 250uC air proved to possess a
greater number of defect states and oxygen vacancies, but it does not
exhibit the best photocurrent density. Consequently, it can be de-
duced that it is not the case that the more defect states the materials
have, the greater the PEC performance. We suppose that excess
defects act more as the electron pool to demote the PEC property.
In photoelectric measurement, the film electrode is used and the
production of photocurrent relies on the amount of photoelectrons

transferred from semiconductor to the FTO glass substrate.
Increasing amount of oxygen vacancies will result in more photo-
generated electrons trapped and immobilized in the defect states,
thereby diminishing the chance to contribute to the photocurrent
generation. Furthermore, when too many oxygen atoms are missing
in the In2O32n (n is large), an unlocalized molecular orbital exists
below the bottom of the conduction band43. Meanwhile, Vo impurity
band also forms and overlaps Ec at the bottom of the conduction
band, which leads to low efficiency in excitation of the mobile elec-
trons to conduction band. It may conclude that the photoelectron
trapped in the defect state and unlocalized molecular orbital are
ineffective to the photocurrent generation. So the excess oxygen
vacancies in In2O3 play a recombination centres role of photoelec-
trons and holes rather to prohibit the generation of photocurrent
than to promote it. The scheme of the mechanism during this process
is illustrated in Figure 9b.

In summary, our work has demonstrated that annealing treatment
in different atmosphere can be used as a simple general strategy to
fundamentally control the performance of In2O3 materials as photo-
anodes for PEC application. The amount of defect states in In2O3 is
controlled by the annealing temperature and gas atmosphere and
they can be characterized from the analysis of Raman spectra, XPS,
and PL. The result clearly shows that the amount of defect state in
In2O3 nanocubes is 250uC air . 350uC air . 450uC air. The best
In2O3 material (350uC air) yield substantially enhanced photo-
current densities and the photocurrents saturated up to 3.83 mA/
cm2 at a low applied bias of 0.0 V vs Ag/AgCl (1.0 vs RHE). Around
400 nm, it gave IPCE values up to 75%, which is the best value for an
In2O3 photoanode reported. The PEC comparison of those samples
reveals that oxygen vacancies have a two-side effect on the perform-
ance. Because they may induce the new energy levels to facilitate the
electron transition from valence band to conduction band with less
activating energy. And they also act as donors enhancing the photo-
current. However, excess oxygen vacancies may trap the photogen-
erated electrons and act as recombination centers to diminish the
photocurrent as well. The optimized amount was found in 350uC air
film. More importantly, since In2O3 is a new class of semiconductors,
the capability of making highly photoactive In2O3 nanostructures
opens up new opportunities in various areas, including PEC water
splitting, dye-sensitized solar cells, and photocatalysis. By replacing
the O atom in our In2O3 lattice with other atoms such as H, N, S,
the efficiencies and these novel devices’ properties are expected to
be greatly improved. Further work is stilling undergoing in our
laboratory.

Methods
Preparation of in(OH)3 nanostructures. All chemicals were purchased as
guaranteed regents and used without further purification. The analytical grade
In(NO3)3?3H2O was purchased from Sinopharm Chemical Reagent Co., Ltd., China.
In(OH)3 were synthesis via a template-free electrochemical growth method that
performed in a conventional three-electrode glass cell using a homemade HDV-7C
potentiostatic apparatus as power source. F-doped SnO2 coated glass (FTO) with a
sheet resistance of 14 V/sq was used as working electrodes. A graphite rod of about
4.0 cm2 and a saturated Ag/AgCl that connected to the cell with a double salt bridge
were used as counter electrode and reference electrode, respectively. Before
electrodeposition, the FTO glass was cleaned ultrasonically in distilled water, ethanol,
and acetone and then rinsed in distilled water. In(OH)3 nanocubes were grown in an
electrolytic solution contained 0.008 M In(NO3)3 at a constant potential of 21.2 V at
70uC. After deposition, the film was washed by water and dried in air at 25uC for 10 h.

To control synthesis the In2O3 nanostructures with VO, we used a thermal
decomposition method at different atmosphere. The as deposited In(OH)3 samples
were annealed in air at 250uC, 350uC, 450uC, respectively. All the annealing time was
kept at 3 h.

Material characterizations. The surface morphology and composition of prepared
products were analyzed by field emission scanning electron microscopy (FE-SEM,
JSM-6330F). The structures of the samples were investigated via X-ray diffraction
(XRD, Bruker, D8 ADVANCE) with Ka radiation (l 5 1.5418 Å) and transmission
electron microscopy (TEM, 200 kV, JEM2010-HR). The chemical state and
compositions of products were analyzed using X-ray Photoelectron Spectroscopy
(XPS, ESCALab250). The optical properties of the samples were measured with a UV-

Figure 9 | (a) Energy diagram of In2O32n with different n value. 250uC
sample represents the larger n and 450uC sample represents the smaller n.

E1OV and E2OV are referred to the induced oxygen vacancies located below

the In2O3 conduction band. Arrows highlight the possible electronic

transitions between the different energy levels in In2O32n; (b) Schematic

illustration of excess oxygen vacancies’ roles on the transfer of

photoelectron in PEC processes.

www.nature.com/scientificreports
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vis-NIR spectrophotometer (UV, Shimadzu UV-2450) and a combined fluorescence
lifetime and steady state spectrometer (PL, EDINBURGH). The In2O3 measurements
of SEM, XPS, XRD, PL and UV-spectra were directly carried out on the samples
without removing the substrates.

Photoelectrochemical characterizations. PEC measurements were carried out in a
three-electrode cell with a flat quartz window to facilitate illumination of the
photoelectrode surface. The cell consisted of Pt wire as the counter electrode, Ag/AgCl
as the reference electrode, and the products prepared on FTO substrates as the working
electrode, respectively. A 1 M Na2SO4 aqueous solution was used as the electrolyte.
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