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Enhanced Photocatalytic Oxygen Evolution by Crystal

Cutting

Min Sun, Shijie Xiong, Xinglong Wu,* Chengyu He, Tinghui Li, and Paul K. Chu*

Photocatalytic water splitting by solar power is environmentally
friendly and highly preferred.l!!l The oxygen evolution reaction
(OER) is key to renewable-energy technologies such as recharge-
able metal-air batteriesl># and water splitting,>®! and water oxi-
dation also plays an important role in energy storage such as
solar fuel synthesis.”® Despite extensive research, the effects
of a catalytic surface on the OER are still not well understood!’!
and the development of economical oxygen electrode catalysts
with high activity under visible-light irradiation remains a great
challenge. Recently, Yang!'% proposed that crystal cutting might
increase the photocatalytic properties of materials such as Cu,0
nanocrystals.'"12l Although Cu,O delivers good performance in
the photodegradation of methyl orange after crystal cutting,!?
there has been no report on the direct photocatalytic water
splitting into hydrogen or oxygen. In fact, surface oxidation of
Cu,0 to CuO introduces unstable photocatalytic characteristics
in aqueous solutions after long-time irradiation.*}l Markovic
and co-workers reported enhanced hydrogen evolution from
water splitting by tailoring the Li*(Ni(OH),(Pt interfaces, but
enhancement by crystal tailoring has not been reported. In this
respect, it is crucial to develop crystal-cut photocatalytic mate-
rials with excellent oxygen evolution ability under visible-light
irradiation and to elucidate the associated mechanism.

In,05 is a promising semiconducting material®'"! and has
a bandgap of 2.8 eV. However, it has poor photocatalytic prop-
erties!® and no water splitting has been reported experimen-
tally using In,0O; octahedron nanocrystals, although there has
been litle theoretical work on water splitting on some special
crystal facets.'”) Here, we report a simple technique to produce
uniformly cut In,O; truncated octahedrons. Our theoretical
analysis shows that the {100} facet on the In,O; truncated
octahedrons enhances oxygen evolution in photocatalysis and
photoelectrochemical measurements provide the experimental
evidence.

In a body-center-cube (bcc) structural crystal such as Cu,0,
the difference in the energy levels between the crystal faces can
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drive the photoexcited electrons and holes to different crystal
faces, leading to the separation of electrons and holes. Previous
investigation suggets that during irradiation by visible light, the
photogenerated holes on the {111} facets will transfer to the
{100} facets, whereas electrons on the {100} facets will migrate
to the {111} facets.?% This is a prerequisite to the water-split-
ting reaction.”! The catalytic activity on the {111} facets stems
from the Cu-terminated surfaces bonded with some stable
groups.?!l Hence, the electrically neutral {100} facets cannot
interact well with charged molecules and is thus catalytically
inactive.??l This implies that polar facets on the In,0; crystal
having the same crystal structure and adequate bandgap!?*2
as Cu,O may increase the photocatalytic activity in the water-
splitting reaction.

Figure 1a depicts the In,05 octahedron?#?’! and Figure 1b—d
show the atomic arrangements in a unit cell of the becc struc-
ture along different lattice directions. The smaller and bigger
spheres represent oxygen and indium atoms, respectively. The
(002), (020), and (200) facets are arranged by the same type of
atoms (indium or oxygen) as shown in Figure 1b,c. The dis-
tances between two adjacent facets are the same and they are
the polar facets. The (220) and (222) facets, which have two dif-
ferent atoms (indium and oxygen) (Figure 1c,d), show electrical
neutrality and are the nonpolar facets.

The spatial distributions of electron and holes excited by light
irradiation on these crystal facets are theoretically investigated
and the calculation details are described in Figure S1-S3 in the
Supporting Information. The main panel in Figure S4a in the
Supporting Information presents the densities of states (DOSs)
of the bulk and slabs along the {100} and {111} directions of
In,0;. Compared with the bulk materials and {111} surface,
cleaving of the {100} surface creates a new valence subband
(represented by peak A in the DOS) which is just below but
very close to the Fermi level defined as the energy of the highest
occupied state and set to zero energy. The spatial distribution of
the orbital in this subband shown in the inset illustrates that
the orbital is concentrated on the {100} surface. At the same
time, the orbitals of the conduction band in both the {100} and
{111} slabs are extended to the entire materials (see the Sup-
porting Information). This implies that during light irradiation,
the excited holes from valence sub-band A are concentrated
on the {100} facets and the excited electrons are in the bulk.
This produces a photoinduced dipole layer on the {100} facet,
which may attract OH™ groups from the solution. Such charge
separation had been observed in small TiO, particles based
on density functional calculations.”?®l To investigate the effects
of the {100} facets on H,0 molecules, we perform geometry
optimization on the {111} and {100} slabs with adsorbed H,0
molecules. The optimized structures are shown in Figure S4b
in the Supporting Information. On the {100} surfaces with
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Figure 1. a) Sketch of the In,O; octahedron. b) A unit cell of the bcc structure viewed from the
<220> direction with the lines representing the (002) facets. c) A unit cell of the bcc structure
viewed from the <002> direction with the lines representing the (200), (020), and (220) facets.
d) A unit cell of the bcc structure viewed from the direction parallel to the (222) facet with the

lines representing the (222) facets.

and without induced charges, there are some H,0 molecules
that dissociate into H* and OH™, whereas on the {111} surface,
they cannot dissociate. The calculated DOS for the {100} slab
with adsorbed H,0 molecules is shown in Figure S5,56 in the
Supporting Information. Although there are some changes in
detailed structures compared to that without H,0 molecules,
peak A which is responsible for the creation of holes still exists.
Dissociation of H,0 molecules on different surfaces has been
investigated based on first-principle calulation.?*-28] In this
work, we perform geometry optimization for the surfaces with
different H,0 monolayer coverage from 1/8 to 1/2 and observe
that 1/8 coverage is related to the dissociation for 1/2 water
monolayer coverage on the {100} surface. Partial dissociation
on the {100} surface may stem from the complicated In and O
exposed structure.

The calculation results also indicate that the {100} facets of
In,0; can effectively accumulate holes produced by light illu-
mination, but on the nonpolar planes such as {222} and {220},
no corresponding process occurs. In an alkaline electrolyte,
when there is an accumulation of holes (h*) on the surface, the
In,03 nanocrystal anode would undergo the following reaction:
40H" + 4h* g — O,T + 2H,0, cathode: 2H,0 + 2ecy) —> H,T
+20H"231 Hence, if the In,0; nanocrystals with {100} facets
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are used as the anode, the photoexcited holes
will transfer to the {100} surfaces to produce
O,. This photo-electrochemical process will
lead to effective oxygen evolution from the
anode, thus providing a useful way to pro-
duce O, based on crystal cutting.

Since various crystal facets have different
growth rates,”! the growth temperature and
time must be tightly controlled in order to
prepare In,O; nanocrystals with the {100}
surface exposed. The commonly fabricated
In,03 nanocrystals have the octahedral struc-
ture with the {111} surface for minimum
surface free energy, and so the {100} In,0,
nanocrystals should be formed in the early
stage. Details regarding the In,O; nanocrystal
growth process and mechanism are described
in Figure S7 in the Supporting Information.

By properly controlling the growth condi-
tions, In,0; octahedrons and truncated octa-
hedrons with a uniform size can be produced
in abundance, as shown in Figure 2a-d.
Field-emission scanning electron micros-
copy (FE-SEM) reveals that the size of the
truncated octahedrons is about 1 um, which
is almost equal to that of the octahedrons.
Field-emission transmission electron micro-
scopy (FE-TEM) images and selected area
electron diffraction (SAED) patterns are
acquired to confirm the observed different
crystal facets. As shown in Figure 2e-g, the
hexagonal symmetry diffraction spots are
obviously observed from the (111) facets on
the octahedron or truncated octahedron and
meanwhile, the tetragonal symmetry diffrac-
tion spots arise from the (100) facets on the
truncated octahedron (Figure 2h—j). The X-ray diffraction (XRD)
patterns acquired from these In,0; octahedrons and truncated
octahedrons are displayed in Figure 2k. All the XRD peaks can
be indexed to the (200), (211), (222), (400), (411), (440), (600),
and (622) reflections of the bec structure of In,O; (according
to the standard card of XRD, JCPDS card No. 06-416). In par-
ticular, the (222) peak from the octahedron sample is rather
strong, but that from the truncated octahedron is relatively
weak. The intensity of the (400) peak from the truncated octa-
hedrons is enhanced. Although the XRD spectra are not related
to the relative areas of the various crystal faces, considering
the FE-SEM and FE-TEM results, it can be inferred that a large
number of {100} facets are formed. According to the UV-vis
diffusive reflectance spectra of the octahedron and truncated
octahedron samples, the absorption curves are acquired and
Figure S8 in the Supporting Information shows that the two
kinds of octahedron samples have almost the same absorption
features in the visible range.

The photoelectrochemical measurements were performed
in a three-electrode cell (Figure S9 in the Supporting Informa-
tion) connected to a CHI 660D work station (CH Instrument)
at =25 °C. The In,0O; nanocrystal sample with Ohmic con-
tact served as the working electrode,?>*} whereas Ag/AgCl
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Figure 2. a) Low-magnification FE-SEM image of the octahedrons.
b,c) Local enlargement (b) and low magnification (c) FE-SEM images
of the truncated octahedrons. d,e) Local enlargement (d) and low-
magnification (e) FE-TEM images of the octahedron. f) Sketch of octahe-
dron viewed from the (111) facets. g) SAED pattern on the (111) facets.
h) Low-magnification FE-TEM image of the octahedron. i) Sketch of the
octahedron view from the (100) facets. j) SAED pattern acquired from
the (100) facets. k) XRD patterns of the octahedron (upper curve) and
truncated octahedron (under curve) samples.

(1 mol L' NaOH-filled) and a platinum wire were the reference
and counter electrodes, respectively. The current-voltage (J-V)
curves are shown in Figure 3. The circular, triangular, and quad-
rate curves are acquired from two In,0; samples and a silicon
substrate under illumination, respectively. The broken curve
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Figure 3. Current density versus applied potential curves of photoelectro-
chemical measurement. The circular and triangular curves are acquired
from the two In,O; samples with octahedron and truncated octahe-
dron sizes of 1 um, respectively. The quadrate curve is from the silicon
substrate. The broken line represents the cases for the octahedrons, trun-
cated octahedrons, and silicon substrate without irradaition (dark).

represents the cases for the octahedron, truncated octahedron,
and silicon substrate samples without irradiation (dark). As the
applied voltage is increased slowly from negative (—0.6 V) to pos-
itive (1.2 V), the broken curve is almost a straight line. Under
Xe-lamp illumination, the photocurrent densities of both the
octahedron sample and silicon substrate show little improve-
ment compared with that without illumination, whereas that
of the truncated octahedron sample (triangular curve) largely
surpasses those of the octahedron sample and silicon substrate.
To rule out that the rapid increase of the photocurrent density
is due to different defect concentration, we mesaured the resis-
tivity of the octahedron and truncated octahedron samples and
the values are 353 and 578 mQ cm, respectively. Hence, the
truncated octahedron sample should have a smaller photocur-
rent, but our experimental results are not so, indicating that the
{100} truncated octahedrons really have a high photocatalytic
activity. Hence, the rapid increase indicates that the exposed
truncated facets play an important role in the enhancement of
the photocatalytic activity on the In,O3 nanocrystals.

To investigate the effective photocatalytic OER further, the
applied voltage was fixed at 0.22 V versus Ag/AgCl and the
photocatalytic current-time (I-t) curves are depicted in Figure 4.
The triangular and circular curves are for the truncated octahe-
dron and octahedron samples, respectively, under illumination,
whereas the broken curve is acquired without illumination
showing that no current is produced. During illumination, the
photocurrent density measured from the octahedron sample is
very small (0.04 mA cm2), but that from the truncated octahe-
dral sample is larger (1.4 mA cm™) and remains stable during
the entire observation time of 150 min. Almost no attenuation
was observed, indicating both a robust and a stable photocata-
lytic activity. Two digital photos were taken from the truncated
octahedral electrodes at 20 and 60 mins (an enlarged photo is
shown in Figure S10 in the Supporting Information). In the
initial stage, no bubbles were observed but as time elapsed,
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Figure 4. Current density versus time curves and two digital photos for oxygen evolution. The
triangular and circular curves are for the truncated octahedron and octahedron samples under
illumination, respectively, whereas the broken curve is for the case without illumination. The
upper insets show representative photocatalytic-oxygen-evolution photos of the truncated octa-
hedron sample at different measurement times taken by a digital camera from the cell at an
applied potential of 0.22 V (versus Ag/AgCl). No bubbles (oxygen evolution) are observed for
the octahedron sample (lower insets). Two sloping curves show the amounts of evolved O,

calculated theoretically and detected experimentally, respectively.

bubbles were produced gradually and they became bigger and
bigger. In contrast, no bubbles could be observed from the
solution surface with the octahedron electrode (lower inset).
The amount of evolved O, was calculated from the (I-t) curve
and detected by a Shimadzu GC-8A gas chromatograph. The
two sloping curves in Figure 4 show the theoretical and exper-
imental results, respectively. It is obvious that the amount of
evolved O, increases with time and the experimental value is
close to the theoretical one. In addition, the SEM image and
XRD spectrum after the photoelectrochemical measurement
confirm that the truncated octahedrons remain intact on the
electrode (Figure S11 in the Supporting Information). These
above provide experimental evidence that In,0; possesses
good photocatalytic characteristics after crystal cutting and it
is consistent with the theoretical prediction described earlier.
The truncated octahedrons have the advantage of multiple
(100) facets being exposed to accumulate holes via photo-
excited charge-carrier separation. This is responsible for the
high photocatalytic activity. Furthermore, in comparison with
Cu,0, the polar surfaces on In,0O; are stable in aqueous solu-
tions and it is crucial to stable water splitting photocatalytically.
Here, we would like to point out that the (100) facet is a polar
surface and undergoes evident surface reconstruction in the
aqueous environment (Supporting Information, Figure S4b),
thereby improving the photocatalytical activity on the (100)
facets further.
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In conclusion, we have fabricated uniform
truncated In,0; nanocrystals on a large-scale
on a silicon substrate using a simple tech-
nique. The experimental photocatalytic per-
formance of the In,0; truncated octahedrons
is consistent with our theoretical prediction
showing that the {100} truncated octahe-
drons have significantly improved photo-
catalytic activity compared with the octahe-
drons. The high photocurrent (1.4 mA cm™,
voltage = 0.25 V vs. Ag/AgCl) and the long-
time oxygen evolution without attenuation
indicate that the In,0; truncated octahedrons
are promising for photocatalytic oxygen evo-
lution, and our results provide evidence that
crystal cutting plays an important role in
photofunctionization of materials.

Experimental Section

Sample  Preparation: Indium oxide (In,03)
nanostructures were fabricated using a standard
chemical vapor deposition (CVD) instrument.
Indium oxide and graphite powders were mixed to
a certain percentage (mass ratio = 1.5:1), ground,
placed on an prepared alumina boat, and inserted
into the CVD chamber. A gas mixture containing
98% of high-purity Ar and 2% of high-purity O,
served as the carrier gas and the pressure was
maintained at 1 atm during the nanocrystal
growth. A single-crystal n-type silicon wafer (<100>
oriented, 0.5 mm thick, 1-10 Q cm resistivity) was
cut into smaller 8 mm x 10 mm pieces and used
as the substrate. A thin layer of gold (10 nm) was
predeposited on the silicon substrate by sputtering. The substrate was
positioned downstream of the source and the furnace was heated from
room tempearture to 1000 °C at a rate of 50 °C min~' and a gas flow of
150 sccm. When the furnace temperature reached 950 °C, the truncated
octahedrons were obtained and deposited for 3 h at the same gas flow
of 150 sccm to obtain the corresponding sample. When the furnace was
heated to 1000 °C, the octahedrons were obtained at a gas flow 100 sccm
and deposited for 3 h (Supporting, Information, Figure S7). By adopting
the aforementioned growth control, the thickness of the octahedron and
truncated octahedron samples obtained by a Zeta 20 (Zeta Instruments,
United States) was almost the same (22.7 pm) (Supporting Information,
Figure S8).

Characterization: The In,O3 nanocrystal structures were determined by
XRD (Philips, Xpert) and the nanocrystal sizes and surface morphology
were examined by FE-SEM (Hitachi, S4800). The photo-electrochemical
measurements were performed on a three-electrode cell connected to
a CHI 660D work station (CH Instrument) at 25 °C. On the backside
of the Si substrate, an Ohmic contact was established by embedding a
coiled Cu wire in a eutectic gallium-indium alloy (Aldrich) that wetted
the silicon. The Cu wire and the eutectic alloy were subsequently covered
with silver paint (SPI supplies). The silver layer in contact with the Cu wire
was used as working electrode and it was not immersed in the electrolyte,
whereas Ag/AgCl (1 mol L' NaOH-filled) and a platinum wire served as
the reference and counter electrodes, respectively. The electrolyte was a
1 mol L™! NaOH solution (pH = 13.6) and a 500 W Xe lamp served as the
light source in the photo-electrochemical measurements. The lamp gave
out directional light with uniform intensity distribution. The light was
filtered to simulate the solar spectrum before illuminating the sample.
A water filter (Supporting Information, Figure S9) between the lamp and
electrochemical cell was used for eliminating the long-wave part of the
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radiation during the photocurrent measurement. It also reduced heating
of the sample and the electrolyte, caused by the irradiation. The light
power illuminating the sample was measured using a Si photodiode as
being 270 mW cm~2. During the photocatalytic oxygen-evolution reaction,
the amperometric |-t data were acquired from the electrochemical cell.
The applied voltage was fixed at 0.22 V (versus Ag/AgCl).

Oxygen Measurement: The oxygen measurement was conducted
in a manner similar to the photocurrent measurement. Before the
measurement, the anode was purged with highly pure N, (99.9995%).
When the electrode was irradiated, the chromoampometric test was
begun at +0.22 V vs. reversible hydrogen electrode (Ag/AgCl) (RHE) for
150 min with O, bubbling on the anode. 0.8 mL gas was taken from
the headspace of the photoanode every 30 min and injected into a gas
chromatography machine (Shimadzu GC-8A, Ar carrier gas) to determine
the O, concentration. This was then correlated to the total amount of O,
in the headspace. The amount of O, in the solution was corrected using
Henry’s Law.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Theoretical calculation details for electron and hole distributions

In order to investigate the distributions of the photoexcited electrons and holes on the {100}
and {111} facets of crystal In,Os, a first-principle study is conducted on the electronic
structure of the bulk In,Os; and In,Os; films with surfaces along the {100} and {111}
directions. The calculation is performed using the generalized gradient approximation (GGA)
of the Perdew, Burke, and Ernzerholf (PBE) form™®" under package CASTEP®? in which a

plane-wave norm-conserving pseudopotential method!®*!

is used. A kinetic energy cutoff of
500 eV is adopted to represent the single-particle wave functions. Slabs are utilized to
investigate the band structure and wave functions of the {100} and {111} surfaces of In,Os.
To form a periodic lattice, the slabs with a thickness of 1.5 nm are stacked periodically and
separated by vacuum slabs with a thickness of 1.2 nm. The size of a supercell along the
directions of the surface is that of the crystal cell in the plane. The geometry of the
configuration is optimized using the BFGS minimizer in the CASTEP package with default
convergence tolerances: 2 x 107 eV for energy change, 0.5 eV/nm for maximum force, and 2

x 10* nm for maximum displacement!>*,

After geometric optimization, the band structure
and orbitals of the electrons are calculated using the CASTEP package. As a comparison, the

band structure of the In,Os crystal is also derived using the same method after the same

geometric optimization. Fig. S1 shows a gap of 1.178 eV at the I" point, which is larger than
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0.93 eV from GGA and smaller than 1.83 eV from GGA+U+SOC obtained with the VASP
package®. The calculated gap value is smaller than the experimental one (2.8 €V) due to the
well-known systematic underestimation of the gap in the density functional theory. The
calculated DOSs for bulk, {100} surface, and {111} surfaces of In,O; are displayed in the
main panel of Fig. S4. The spatial distributions of the orbitals at the subband near the top of
the valence band created by the {100} surface and at conduction bands of the {100} and
{111} slabs are also calculated and shown in the insets of Figs. S2, S3, and S4, respectively.
The holes excited from the valence subband are located on the {100} facets while the
electrons from the conduction band are extended to the whole system.

In order to investigate the effects of adsorbed H,O molecules and the change of slab
thickness on the band structure, Figs. S5 and S6 plot the DOSs for systems with and without
H,;O molecules and for slabs of different thicknesses, respectively. It can be seen that
although there are some changes in the detailed structures, peak A with the orbital on the

{100} surface still exists thus supporting our analysis.
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Figure S1. Band structure of bulk In,Os calculated after geometry optimization using the

GGA of CASTEP package.



ADVANCED
Submitted to MATE RIALS

Figure S2. Spatial distribution of the electron orbital at the conduction subband of the {100}
slab of In,O3;. The orbital is extended to the whole materials. The grey and red balls

represent In and O atoms, respectively.
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Figure S3. Spatial distribution of electron orbital at conduction subband of the {111} slab of
In,O;. The orbital is extended to the whole materials. The grey and red balls represent In and

O atoms, respectively.
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{100} slab

{100} slab without
with charges

charges

{111} slab without
charges

Figure S4. (a) Densities of states of the bulk and slabs along the {100} and {111} directions
of In,O3 (main panel). The inset shows spatial distribution of the orbital at valence subband A
of the {100} slab. The grey and red balls represent In and O atoms, respectively. (b)
Optimized structures of {100} and {111} slabs with adsorbed H,O molecules. In the case

with charges, the bias induced charge is +3e per supercell.
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Figure S5. Densities of states of the {100} slabs with and without H,O molecules (main
panel). The inset shows spatial distribution of the orbital at subband A in the case with H,O
molecules. The band calculation in the case with H,O is based on the structure of the second

panel in Fig. 2b.
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Figure S6. Densities of states of the {100} slabs of different thicknesses.
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Figure S7. In,0O3 nanocrystal nucleation and growth process. (a) Beginning of nucleation (850
°C) when a three-dimensional structure of indium oxide with six protruberances is first
formed. (b) As the temperature rises, the three-dimensional structure begins to take shape. (c)
Three basic types of crystal facets emerge at 900 °C and they are the {100}, {110} and {111}
facets. (d) The crystal surface becomes smoother at 900-950 °C. (e-f) Truncated octahedrons
and octahedrons with a uniform size deposited at 950 and 1000 °C at a gas flow of 150 and

100 scem for 3 h, respectively.
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Figure S8. Calculated Kubelka-Munk function versus wavelength in the range of 200 to 800
nm for the octahedron and truncated octahedron samples (absorption spectra). The visible
region is indicated as a color area. They are obtained from the ultraviolet—visible diffusive
reflectance spectra taken using the diffuse reflection method on a VARIAN Cary5000
spectrophotometer. The two curves are identical, indicating that no absorption change occurs

for the two kinds of In,O3; octahedrons.
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Figure S9. Schematic of the electrochemical cell composed of three chambers. The anode
and cathode electrodes are immersed in separate cells divided by a Nafion 117 film and a
Luggin capillary separates the working compartment from the reference compartment. A
Ag/AgCl electrode in 1 mol/L NaOH solution (with a nominal potential of 0.210 V versus
reversible hydrogen electrode) and a platinum wire are used as the reference and counter
electrodes, respectively. The working electrode is a 0.8 cm x 1.2 cm silicon substrate
modified with the In,O3 catalysts. Typically, a 0.8 cm x 0.8 cm substrate is immersed in the
solution. The electrolyte is purged with N, for 30 min to eliminate dissolved gases such as O,
before the measurement and a 500 W Xe lamp serves as the light source in the
photoelectrochemical measurements. A water filter lying between the lamp and
electrochemical cell was used for filtering out the long-wave part of the radiation during

photocurrent measurement.
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Figure S10. Enlarged digital photograph showing oxygen evolution from the truncated In,Os

octahedral electrodes taken at 60 min (amperometric / — ¢ curves).
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Figure S11. (a) Low-magnification FE-SEM image and (b) XRD spectrum of the truncated
octahedron In,Os obtained after photoelectrochemical experiment. These results confirm that

the truncated octahedrons remain intact on the substrate.
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