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ABSTRACT: Semiconductor nanowires (NWs) are useful
building blocks in optoelectronic, sensing, and energy devices
and one-dimensional NWs have been used in photo-
electrochemical (PEC) water splitting because of the enhanced
light absorption and charge transport. It has been theoretically
predicted that the {001} facets of body center cubic (bcc)
In,0; nanocrystals can effectively accumulate photogenerated
holes under illumination, but it is unclear whether facet cutting
of NWs can enhance the efficiency of PEC water splitting. In
this work, the photocurrent of square In,0; NWs with four
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{001} facets is observed to be an order of magnitude larger than that of cylindrical In,0; NWs under the same conditions and
subsequent hydrogen treatment further promotes the PEC water splitting performance of the NWs. The optimized hydrogenated
In,0; NWs yield a photocurrent density of 1.2 mA/cm? at 0.22 V versus Ag/AgCl with a Faradaic efficiency of about 84.4%. The
enhanced PEC properties can be attributed to the reduced band gap due to merging of the disordered layer-induced band tail
states with the valence band as well as improved separation of the photogenerated electrons/holes between the In,O; crystal core
and disordered layer interface. The results provide experimental evidence of the important role of facet cutting, which is
promising in the design and fabrication of NW-based photoelectric devices.
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B INTRODUCTION

Photoelectrochemcial (PEC) water splitting utilizing semi-
conductor materials and solar energy is an environmentally
friendly and economical energy conversion and storage
process.”” The photoanode, which is the heart of the system,
plays a crucial role in the water splitting efficiency.” There has
been extensive research on identifying new photoanode
materials and structures to improve the efficiency, for instance,
by doping wide band gap semiconductors such as TiO, and
ZnO to obtain visible-light photocatalytic activity,* " prepara-
tion of novel heterojunctions,”” design of new structures and
morphologies including one-dimensional (1D) nanostructures
and 2D nanoflakes,>''? and addition of cocatalysts such as
cobalt phosphate."* 1D semiconductor nanostructures such as
nanowires (NWs),'* nanotubes (NTs),"”” and nanorods
(NRs)*'® have been employed in PEC water splitting because
of the enhanced light absorption and charge transport.'”>°
Unfortunately, photogenerated electron—hole pairs tend to
recombine on the surface of cylindrical NWs>' because there is
a lack of specific crystal facets to accumulate electrons or holes
thus reducing electron—hole separation compared to poly-
hedral nanoparticles (NPs). It has been recently shown by the
nanocrystal cutting theory®” that the photocatalytic activity is
closely related to the specific crystal facets on nanomaterials
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such as In,03>* Cu,0,**** and TiO, polyhedrons.*® Because
photogenerated electrons and holes are expected to accumulate
on different crystal facets as a result of the difference in the
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energy levels among different crystal faces,
that proper facet cutting of nanostructured photoanode
materials will enhance the PEC performance.

Indium oxide (In,O;) possesses a favorable energy band
structure with the conduction band (CB) bottom at —0.63 V
versus the normal hydrogen electrode (NHE) of the hydrogen
evolution potential and the valence band (VB) at +2.17 V
versus NHE of the oxygen evolution potential.”® Although
photoelectrodes made of In,O; thin films and particles have
been reported, PEC water splitting on In,O; NW photoanodes
has not been investigated systematically. In this work, In,0;
NWs with two different morphologies, square and cylindrical,
are prepared and the effects of facet cutting on the PEC activity

of the materials are compared and demonstrated.
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B EXPERIMENTAL SECTION

Sample Preparation. Indium oxide (In,O;) NWs were
synthesized by chemical vapor deposition (CVD) utilizing a
carbothermal reduction method. A mixture containing In,O; (0.2 g)
and active carbon (0.3 g) was ground for 10 min, loaded onto an
alumina boat, and inserted into a quartz tube at the front end of a
furnace. An n-type (100) Si sample (1—10 Qecm resistivity, 0.5 mm
thick, and 1 X 1 cm” in size) coated with a 10 nm thick gold layer was
placed downstream in the quartz tube. The furnace was heated to 1100
°C in 20 min and kept at this temperature for 2.5 h under a mixture of
Ar (98%) and O, (2%) at a flow rate of 100 sccm. If the pressure in
the growth chamber was 1 Torr, cylindrical In,O; NWs were produced
but if the pressure was 1 atm, square In,O; NWs were prepared
instead. After the system was cooled to room temperature, a light gray
layer was deposited on the silicon substrate. The thickness of the layer
determined on the Zeta 20 (Zeta Instruments, United States) was 25.7
pum. The In,O; NWs coated with disordered layers were fabricated by
annealing in a hydrogen atmosphere at 400, 500, and 600 °C. Prior to
electrochemical measurements, an Ohmic contact was fabricated on
the backside of the Si wafer.”® The front side with the In,O, film was
painted with insulating epoxy resin except the working electrode area
of about 0.8 cm?.

Characterization. X-ray powder diffractometry (XRD, Philips,
Xpert), field-emission scanning electron microscopy (FE-SEM, Hitachi
$4800), high-resolution transmission electron microscopy (HR-TEM,
JEOL-2100), and X-ray photoelectron spectroscopy (XPS, PHIS000
VersaProbe) were performed. The diffuse reflectance spectra were
acquired on a VARIAN Cary5000 spectrophotometer. The PEC
measurements were performed in a 1 M NaOH (pH 13.6) electrolyte
using three electrodes connected to a CHI 660D (CH Instrument)
(Figure S1 in the Supporting Information), with the In,O; NW
photoanode being the working electrode, Pt mesh the counter
electrode, and Ag/AgCl (1 mol/L NaOH-filled) the reference
electrode. A 500 W Xe lamp with a power of 270 mW/cm?
illuminated the In,O; NW photoanode surface and a water filter
was utilized between the lamp and electrochemical cell to eliminate
solution heating from the infrared light.

Oxygen Measurement. The evolved O, was quantitatively
detected by an Ocean Optics oxygen sensor system equipped with a
FOXY probe inserted into the headspace of the anodic compartment
(NeoFox phase Measurement System). The experiments were
performed in a similar manner as the photocurrent measurements
(see Figure S1 in the Supporting Information). The headspace of the
anodic compartment was purged with high purity N, (99.9995%) for 1
h under vigorous stirring. The measured gas production from the
In,0O; NWs remained at 0.22 V versus Ag/AgCl for 150 min and the
evolved amount of O, was corrected by Henry’s law.

B RESULTS AND DISCUSSION

By modulating the synthesis conditions, circular and square
facet cutting of the NWs can be accomplished in a controllable
fashion, as confirmed by powder XRD revealing that the pure
In,O; phase exists in all the samples. The XRD pattern in
Figure S2 in the Supporting Information shows that all the
diffraction peaks match those of the body center cube (bcc)
structure of In,O; (JCPDS card No. 06—416). The sharp and
intense peaks also suggest that the In,O; NWs are crystalline.
The FE-SEM image of the cylindrical In,0; NWs is depicted in
Figure S3 in the Supporting Information. The low- and high-
magnification FE-SEM images disclose densely packed
cylindrical In,O3; NWs tens of micrometers long with diameters
ranging from 100 to 200 nm (see Figure S3a, b in the
Supporting Information). The magnified image in Figure S3b in
the Supporting Information shows that there is no particle on
the tip of the NW.

The square In,O; NWs are present in large abundance as
shown in Figure la and the magnified FE-SEM image in Figure
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Figure 1. (a, b) Low- and high-magnification FE-SEM images of the
square In,O; NWs before the hydrogen treatment. The inset in b
represents an enlarged single square In,O; NW; Scale bar: 100 nm. (c)
Low-magnification TEM image of a single In,0; NW; (d, e) SAED
pattern and HRTEM image of the area highlighted by the black dashed
box in c before the hydrogen treatment; (f, g) Low-magnification FE-
SEM and HR-TEM images of the square In,O; NWs after the
hydrogen treatment at 500 °C. The inset in g shows the magnified area
highlighted by the black box.

1b clearly shows that the typical NWs have uniform widths of
100—200 nm and lengths up to hundreds of micrometers (see
Figure S4 in the Supporting Information). According to the
representative FE-SEM image of an individual square NW in
Figure 1b, the NW has four oblique edges between adjoining
smooth crystal facets and the short NW is connected to a
spherical NP on top, suggesting that growth of the square NWs
does not proceed by the vapor—liquid—solid (VLS) process.*
To determine the growth direction and exposed crystal facet of
the square NWs, we show in Figure 1c the FE-TEM image of
an individual In,O; NW. The surface is smooth and the
diameter is about 200 nm. The tetragonal symmetry of the
selected-area electron diffraction (SAED) pattern in Figure 1d
indicates that the square NWs terminate in the {001} crystal
facets. The lattice spacing of 0.506 nm belongs to the d-spacing
of the (200) plane of the bec structure of In,O; (Figure le),
implying that the NWs grow along the [100] direction.

The growth mechanism involves four stages as illustrated in
Figure 2. In stage i, In—Au eutectic liquid droplets form. In the
beginning, Au clusters form by aggregation of Au atoms on the
silicon substrate, subsequently serving as the preferentially
absorbed sites for In particles transferred by the carrier gas
(Figure 2a). In stage ii, cylindrical NWs form by the VLS
growth mechanism (Figure 2b) and in stage iii, longitudinal and
radial growth of In,0; NWs occurs via the combined VLS and
vapor-solid (VS) growth mechanisms. It is well-known that the
VLS method is a bottom-up approach. As deposition continues,
In species in galore vaporize to form In oxide and they are
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Figure 2. Schematic illustration of the growth mechanism of the
square In,O; NW and corresponding SEM morphology images: (a)
stage i: formation of In—Au eutectic liquid droplet; (b) stage ii:
formation of the cylindrical In,O; NWs by the vapor—liquid—solid
(VLS) mechanism during initial growth; (c) stage iii: longitudinal and
radial growth of the In,O; NW by the combined VLS and VS growth
mechanisms; (d) stage iv: formation of square NWs with clear oblique
edges and smooth {001} crystal facets.

transferred to the surface of the cylindrical NWs. For In,O,
with the bcc crystal structure, the surface energy follows the
general sequence of (111) < (001) < (110).>' For the
cylindrical NW, the surface must include a high-index crystal
facet which results in large surface energy. Low-index facets
tend to form on the NW to reduce the surface energy, as
evidenced by the formation of {001} and {111} crystal facets
(marked by dashed rectangles and triangles). As growth
continues, a large supersaturation ratio of the In,O; vapor
converts the oxidized In clusters to a high energy surface
resulting in the appearance of the {111} facet as shown in
Figure SS in the Supporting Information. On the bottom of the
NW, four {001} crystal facets form (Figure 2c).>* In stage iv,
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the four oblique {111} facets vanish and square NWs with four
smooth {001} crystal facets form as shown in Figure 2d.

The effects of facet cutting on the PEC water splitting
performance is investigated by comparing the linear sweep
voltanmmograms acquired from the square and cylindrical
In,O; NWs in a deaerated (purged with N,) three-electrode
cell (see Figure S1 in the Supporting Information) containing a
Pt mesh counter electrode and a Ag/AgCl reference electrode
(1 mol L™! NaOH-filled) with 1.0 M NaOH (pH 13.6) being
the electrolyte. Figure 3 displays the current—voltage (J—V)
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Figure 3. Current versus voltage (J—V) curves of the In,0; NW
photoanodes in 1 M NaOH (pH = 13.6) with Ag/AgCl being the
reference electrode and Pt mesh the counter electrode. The solid
circle, pentagram, and triangular curves are collected from the square,
cylindrical In,O; NW photoanodes and Si substrate, respectively. A
dark current density curve is shown in square and the thermodynamic
potential for oxygen evolution is marked by the dashed vertical line.

curves obtained in darkness and under illumination by a 500 W
Xe-lamp. The solid circle, pentagram and triangle curves are
collected from the square, cylindrical In,O; NW photoanodes,
and blank Si substrate (control), respectively. The square curve
represents the dark current density of both samples and it is
negligible until the application of 0.6 V versus Ag/AgCl. The
photocurrent density of the square In,O; NWs increases from
—0.4 V versus Ag/AgCl reaching 0.21 mA/cm” at 0.22 V versus
Ag/AgCl, which is the thermodynamic potential of oxygen
derived from Nernst equation: E, (0,/H,0) = 1.23 — 0.05917,
pH 042, Viyp = 0.22 Vsgqyag 2s labeled by the dashed vertical
line in Figure 3, whereas that of the cylindrical In,O; NWs only
reaches 0.02 mA/cm? at the same bias as shown by the arrow in
Figure 3. In comparison, the photocurrent observed from the Si
substrate is about 0.005 mA/cm? thus suggesting negligible
contributions from the substrate to the photocurrent. To
eliminate the sharp increase in the photocurrent density arising
from the difference in the resistivity, the resistivity of the square
and cylindrical NWs is measured by the four-point probe
method. The values are 60 and 50 € cm, respectively,
indicating that the influence of resistivity is negligible and the
square NWs bound by the {001} crystal facets have superior
PEC performance. This phenomenon can be explained by that
the photogenerated holes from the VB are concentrated on the
four {001} side facets of the square In,O3 NWs.>® Specifically,
owing to the {001} facets at the photoanode—electrolyte
interface, the photogenerated holes in the square In,0; NWs
migrate to the surface and oxidize water to emit O,. In contrast,
on the cylindrical In,O; NWs, the photogenerated electron—
hole pairs may recombine at the isotropic NW edge surface.

dx.doi.org/10.1021/am4056358 | ACS Appl. Mater. Interfaces 2014, 6, 4081—4088
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Hence, {001} facet cutting is a simple and effective method to
enhance the PEC performance of In,0; NWs.

Although the performance of In,0; NWs pertaining to water
splitting can be enhanced by facet cutting, the drawback is that
only a small portion of the solar spectrum is utilized in the
process.>*** Considerable efforts have been made to improve
the separation of photogenerated electrons and holes by using
heterostructures and enhancing the solar light harvesting
capability by these heteroarchitectures as well as by means of
doping.29’35’36 A simple and effective hydrogen treatment has
been reported to reduce the band gap enabling visible light
absorption and improve the electrical conductivity of the metal
oxide semiconductor by introduction of a disordered layer and
oxygen vacancies.”’~*' For instance, Chen and co-workers
demonstrated that hydrogen-treated TiO, NPs exhibited a
reduced bandgap of <2 eV as a result of the disordered surface
shell.’” The disordered surface layer can promote spatial
separation of the photogenerated electron—hole pairs in the
core of black TiO, giving rise to high photocatalytic
efficiency.* Considering that the structural disorder yields
band tailing and localized states, which are responsible for the
reduction in the electronic gap of In,O3,* introducing disorder
to the surface of the square In,O; NWs by hydrogenation can
conceivably improve the PEC performance.

The structure of the square In,O; NWs before and after
hydrogenation is assessed by FE-SEM, FE-TEM, XRD, and
Raman scattering. The FE-SEM picture (Figure 1f) shows that
the morphology of the In,O; NWs is preserved after the
hydrogen treatment, showing no obvious change in the
diameter. Figure 1g and the inset show the crystal core surface
of the NWs coated with a continuous disordered layer with a
uniform thickness of around 8.5 nm. As shown in Figure S6a in
the Supporting Information, the XRD peaks obtained from the
pristine and hydrogen-treated (H-treated) In,O; NWs can be
indexed to bec In,O; (JCPDS card No. 06—416), indicating no
change in the lattice structure after hydrogenation. Our Raman
scattering also confirms this point (see Figure S6b in the
Supporting Information).**

The current densities obtained from the pristine and H-
treated In,O; NW photoanodes in darkness and under
illumination are plotted against the potential between —0.4
and 0.6 V versus Ag/AgCl in Figure 4a. The photocurrent
density acquired from the In,O; NW photoanode increases
gradually as the hydrogenation temperature increases from 400
to 500 °C, but decreases if the temperature is above 500 °C.
This trend is clear from the photocurrent densities obtained at
a potential bias of 0.22 V versus Ag/AgCl. The photocurrent
density of the pristine In,O; NWs is 0.2 mA/cm” at 022 V
versus Ag/AgCl, which is comparable to the value obtained
from the N-doped In,O; thin film photoanode.’® The In,O,
NWs hydrogenated at 500 °C show a maximum value of 1.2
mA/cm® at 0.22 V versus Ag/AgCl, which is 5 times higher
than that of the pristine In,O; under the same conditions and
then decreases as the temperature is further increased. In
addition, current—voltage (J—V) curves are acquired under
different illumination conditions using various low-pass optical
filters to investigate wavelength-dependent PEC properties (see
Figure S7 in the Supporting Information). The In,0; NW
photoanodes H-treated at 500 °C are studied for demon-
stration. The photocurrent densities are 1.2, 0.98, 0.84, 0.17,
and 0.019 mA/cm? at 0.22 V versus Ag/AgCl for wavelengths
of 300—700, 350—700, 400—700, 450—700, and 500—700 nm,
respectively. The results indicate that the enhanced photo-
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Figure 4. (a) Current versus voltage (J—V) curves of the In,O; NW
photoanodes H-treated at different temperatures. The curves are
obtained from a 1 M aqueous NaOH (pH 13.6) solution under
illumination by a 500 W Xe lamp. (b) Photocurrent versus time curves
of the NW photoanodes performed at 0.22 V (versus Ag/AgCl)
applied potential during the oxygen measurement. The insets are
digital photos showing oxygen evolution at different time during the
I—t measurement on the 500 °C H-treated In,0; NW photoanode.
Two groups of lines represent (A, C) the amounts of produced O,
based on the current assuming 100% Faradic efficiency and (B, D) O,
production measured by a fluorescent sensor; A and B are from the
500 °C H-treated In,O; NWs, whereas C and D are from the 400 °C
H-treated In,O; NWs.

current is partly due to the increased visible absorption as a
result of band gap shrinkage, and the hydrogen treatment can
indeed promote the PEC performance.

One of the practical requirements of photoanode materials is
chemical stability against anodic photo-oxidation and oxygen
evolution and so the stability of the pristine and H-treated
In,0; photoanodes and oxygen evolution is investigated. The
photocurrent—time (I—t) curves are acquired at 0.22 V versus
Ag/AgCl and indicated by the dashed vertical line in Figure 4b.
Under illumination, stable photocurrents of 0.2, 0.6, 1.2, and
0.27 mA/cm? are measured from the pristine In,O; NWs and
In,0; NWs hydrogenated at 400, 500, and 600 °C, respectively,
throughout the 150 min measurement. Gas emission is
observed from the In,O; NW photoanodes and the insets in
Figure 4b show typical digital photos taken at two different
time during the I-t measurement on the 500 °C H-treated
In,O; NW photoanode.

To evaluate the quantity of oxygen produced from reaction,
the Fraradaic efficiency is measured by a fluorescent O, sensor.

dx.doi.org/10.1021/am4056358 | ACS Appl. Mater. Interfaces 2014, 6, 4081—4088
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Figure S. (a) UV—visible diffusive reflectance curves of the pristine In,0; NWs (black line) and H-treated In,0; NWs at 400 °C (red line), S00
(blue line), and 600 °C (green line); (b) corresponding plot of transformed Kubelka—Munk function versus the energy of light; (c) normalized O 1s
XPS spectra of the pristine and H-treated In,O; NWs at different temperatures. The black line represents the experimental XPS data. The red line is
the fitting of the experimental data and can be decomposed into two peaks shown by the green dashed lines. (d) XPS VB spectra of the pristine
(black line) and H-treated In,0O; NWs at temperatures of 400 (red), S00 (blue), and 600 °C (green line).

Two groups of slope lines represent the amounts of produced
O, based on the photogenerated current assuming 100%
Faradic efficiency (lines A and C in Figure 4b) and O,
production measured by the fluorescent sensor (lines B and
D, Figure 4b). Lines A and B are from the S00 °C H-treated
In,O; NWs and lines C and D from the 400 °C hydrogen-
treated In,O; NWs. The Faradaic efficiency of the In,O; NW
photoanodes hydrogenated at 400 and 500 °C is about 83.6
and 84.4%, respectively. No significant changes in the
photocurrent, surface morphology and crystal phase are
observed after continuous irradiation for 150 min, indicating
that the square In,O; electrode after hydrogenation is quite
stable in the PEC water splitting process (see Figure S8 in the
Supporting Information).

To clarify the role of hydrogen, UV—visible diffusive
reflectance and XPS are conducted. Figure 5a compares the
UV—vis diffusive spectra of the pristine and H-treated In,0O;
NWs at 400, 500, and 600 °C. The large absorption at
wavelengths shorter than 430 nm can be attributed to intrinsic
band-to-band absorption of In,O; (~2.8 eV). The pristine
In,0; NWs show nonzero absorption in the visible region due
to small light scattering in the NW system (not caused by
absorption). Compared to the pristine In,O; NWs, the H-
treated In,O; NWs exhibit significantly increased absorption at
above 430 nm as the hydrogen treatment temperature
increases, indicating that the H-treated In,O; NWs may utilize
visible light more effectively. As shown by the plot of the
Kubelka—Munk function versus the energy of the incident light
absorbed by assuming that In,O; is a direct semiconductor
material,** the band gaps of the pristine and H-treated In,O,
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NWs at 400, 500, and 600 °C are 2.87, 2.79, 2.61, and 2.56 eV,
respectively (Figure Sb). The enhancement in visible-light
absorption and band gap shrinkage are due to the disordered
layer-induced band tail states merging with the VB and this
issue will be discussed in more details later.

The change in surface bonding as a result of hydrogenation is
determined by XPS. Only In, O, and C from the reference
(286.4 eV) signals appear in the survey spectra acquired from
the pristine and H-treated In,0; NWs (Figure S9a in the
Supporting Information). No apparent changes are observed
from the In 3d spectra of all the samples, as shown in Figure
S9b in the Supporting Information, implying that the In atoms
have similar bonding after the hydrogen treatment.'>** On the
contrary, the O 1s spectra of the pristine and H-treated In,0O;
samples exhibit remarkable differences (see Figure S9c in the
Supporting Information). The O 1s spectrum of the pristine
In,O; can be divided into two peaks at 529.9 and 531.6 eV as
shown in Figure Sc. The peak at 529.9 eV is associated with
In—O bond in In,O; and that at 531.6 eV is characteristic of
nonstoichiometric In oxide.*> The In,O; NWs hydrogenated at
500 °C show a broader shoulder on the high binding energy
side than the pristine one. It can be deconvoluted into two
peaks at 529.9 and 531.8 eV. The peak at 531.8 eV originates
from the surface hydroxyl group (O—H).* Similar O 1s peak
broadening is observed from all the samples hydrogenated at
different temperature (Figure Sc). The XPS VB spectra in
Figure 5d disclose that the VB edge shifts toward the vacuum
level with increasing hydrogenation temperature. Linear
extrapolation indicates that the VB edges are at 1.76, 1.64,
1.18, and 1.08 eV for the pristine and In,O; NWs hydrogenated

dx.doi.org/10.1021/am4056358 | ACS Appl. Mater. Interfaces 2014, 6, 4081—4088
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Figure 6. (a) Schematic illustration of the DOSs for the pristine and H-treated In,O; NWs at different temperatures. (b, c) Schematics of PEC water
splitting reaction mechanism on the cylindrical and H-treated In,O; NW photoanodes, respectively.

at 400, 500, and 600 °C, respectively. By considering the band-
gaps of the pristine and H-treated In,O; NWs based on the
absorption spectra, the CB minima are estimated to be —1.11,
—1.15, —1.43, and —1.45 eV, respectively. The optical and XPS
VB measurements indicate that the band gap diminishes
gradually with hydrogenation temperature.

In an attempt to rationalize the enhanced optical visible
absorption and band gap shrinkage after hydrogenation
treatment, Chen et al. demonstrated that midgap states induced
by surface disorder could upshift the VB edge of TiO,
nanocrystals thus producing a smaller band gap,”” whereas
the H-treated and pristine TiO, NWs exhibited very similar VB
spectra as reported previously.>® Therefore, the enhanced
visible-light absorption is due to the reduced band gap caused
by the disordered layer and increased band tailor states. In this
case, the In,O; NWs hydrogenated at different temperatures
are similar to other oxide semiconductors consisted of two
phases, namely a crystal core and disordered layer shell. The
densities of states (DOSs) are shown in Figure 6a. As described
above, the VB edge upshifts from 1.76 to 1.18 eV as the
temperature increases. Consequently, the electronic transition
from VB to CB is responsible for the strong UV absorption.
The enhanced visible light absorption can be ascribed to
electronic transitions from the tailed VB to CB. Therefore, it is
possible to use lower energy to produce electron and hole pairs
to effectively improve the PEC performance of In,0; NW
photoanodes.

Previous investigations indicate that oxygen defects induced
by hydrogenation can promote the PEC performance of metal
oxide photoanode due to improvement in the electrical
conductivity.*******” However, hydrogenation does not form
the amorphous surface layer and thus oxygen vacancies may
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play an important role in the enhanced photocurrent. In our
hydrogenated samples, modification of the photocurrent may
stem from both the disordered (amorphous) surface layer and
oxygen defects. However, it is difficult to determine accurately
the contribution of oxygen defects only. In order to evaluate the
contribution of the disordered layer to the photocurrent, the
resistivity of the square In,O; NWs before and after
hydrogenation is measured by the four-point probe method.
The results are 60, 32.5, 27.3, and 10 Q-cm for the pristine
In,0O; NWs and H-treated In,0; NWs at 400, 500, and 600 °C,
respectively. If the electrical resistance plays a key role in our
materials, the photocurrent density should change with the
resistance. However, the results suggest otherwise implying that
the photocurrent change stems from PEC water splitting of
In,0;.

According to our experimental results, the PEC water
splitting mechanism is postulated and illustrated in Figures 6b-
¢. Upon irradiation with light energy larger than the band gap
of In,O;, electrons and holes are generated in the CB and VB
of the In,O; NWs, respectively. The photogenerated electrons
are transported to the Pt counter electrode under the external
electrostatic field, followed by water reduction to produce H,.
At the same time, the photogenerated holes migrate to the
In,O;/electrolyte interface and oxidize hydroxide ions to yield
O,. In the process, the PEC water splitting efficiency depends
on the electron—hole pair separation and transportation. On
the cylindrical In,O;, the isotropic surface resembling a
spherical one renders higher charge recombination than the
anisotropic side facet as shown in Figure 6b. It has been
reported that the {001} facets of In,O; can effectively
accumulate photogenerated holes. Hence, if the square In,O;
NWs with the external {001} facets serve as the photoanode,

dx.doi.org/10.1021/am4056358 | ACS Appl. Mater. Interfaces 2014, 6, 4081—4088



ACS Applied Materials & Interfaces

Research Article

the photogenerated holes will tend to transfer to the {001}
facets to convert water into O,. After hydrogenation, a
distinctive interface appears between the crystal core and
continuous disordered layer as shown by Figure 1g. The
interface between the crystal core and disordered shell layer
remains to be the {100} facet. The reported energy gap of
amorphous In,0; is about 2.0 eV*’ and band bending of the
In,O; core and shell at the interface is displayed in Figure 6c.
Upon exposure to light, electrons and holes are generated in
the VBs and CBs of the In,O; crystal core and disordered shell
by absorbing light in different wavelength regions. The holes in
the In,O; crystal core first accumulate on the {001} facet
(Figure 6¢) and are subsequently driven to the disordered shell
because of the lower VBM energy of the disordered surface
layer. The accumulated holes at the interface between the shell
surface and electrolyte generated in both the crystal core and
shell now react with hydroxide ions more readily than those in
the crystalline core, as illustrated in Figure 6c. Hence, the
photogenerated electron—hole pairs are effectively separated
and it is responsible for the higher PEC water splitting
efficiency. Shen et al. have shown that the lattice disorder can
occur in a highly localized nature in the midgap state holes.*>**
Upon irradiation, the holes may be captured by the disordered
shell of the In,O; NWs before arriving at the interface between
the In,O; and electrolyte. Therefore, an optimized disordered
layer is crucial to the PEC water splitting activity and oxygen
evolution. As documented in the literature,* the hole diffusion
length is about 5—10 nm. The thickness of this disordered layer
increases from 2 to 13.2 nm with hydrogenation temperature
(see Figure S10 in the Supporting Information). In the thicker
disordered layer on the 600 °C H-treated sample, the
photogenerated holes may be trapped by the localized states
before reaching the In,O;/electrolyte interface, thereby
resulting in more substantial bulk recombination. Although
the thinner disordered layer on the 400 °C H-treated NWs is
beneficial to holes diffusion, the visible optical absorption is
inadequate. As a result, the optimal hydrogenation temperature
is 500 °C from the perspective of PEC water splitting activity.

B CONCLUSION

Uniform square In,O; NWs are produced on a large scale on
crystalline silicon by chemical vapor deposition. The square
In,0; NWs surrounded by {001} facets deliver photocurrents
which are an order of magnitude larger than those on the
cylindrical In,O; NWs because the photogenerated holes can
accumulate on the {001} facets. The hydrogenated {001}
crystal facet shows higher PEC activity due to enhanced visible
optical absorption and better separation of photogenerated
electrons and holes. The results demonstrate the excellent PEC
water splitting performance of the hydrogenated square In,O;
NWs and the methodology can be extended to the design and
fabrication of other NW-based core—shell structures in
photoelectrical devices.
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