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a b s t r a c t

Bismuth vanadate (BiVO4) has been highlighted as the most efficient photoanode light absorber for the
solar light-driven water oxidation reaction despite the lack of fundamental understanding of its poor
performance. Though the BiVO4 performance has been significantly improved, the underlying reasons for
this performance are not well understood. Here, anisotropically grown BiVO4 is designed to achieve band
edge engineering induced by coupled crystal facets for hydrogen evolution reaction (HER), which is not
possible with isotropic BiVO4 powder suspension. HER performances depending on the exposure area of
the crystal facets in the anisotropic BiVO4 are investigated using electronic conduction and in situ X-ray
absorption spectroscopy during HER. Our results reveal that the nature of the exposed area of the
optimized coupled crystal facets in a BiVO4 photoelectrode critically dominates the surface charge
density and conductivity, efficiently driving the HER. Sequentially, coupling between different crystal
facets of BiVO4 photoelectrode led energy band edge to be upward. The results show that the energy
band edge alignment tuned by coupled crystal facet can be applicable to other inorganic photocatalyst/
photoelectrodes to promote efficient artificial photosynthetic reactions.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Artificial photosynthesis is a conversion process for generating
sustainable chemical fuels by utilizing solar light [1e3]. Solar light-
driven water splitting is one of the most attractive routes for arti-
ficial photosynthesis [4e6]. Solar fuel production has been
approached via photoelectrochemical (PEC) systems since the first
report of the Honda-Fujishima effect in 1972 [7]. Compared with
photochemical (PC) reactions using a powder suspension system,
the configuration of a PEC water splitting system principally com-
prises a solar light absorber and a counter electrode within the
electrolyte [8]. Reduction/oxidation reactions of H2O molecules are
involved at the electrode-electrolyte interface in the two physically
separated compartments [9]. To achieve efficient reduction/oxida-
tion reaction in a PEC system, tremendous amount of research have
been dedicated to the study of the fundamentals of photon ab-
sorption, charge carrier separation, carrier diffusion, carrier
transport, catalytic efficiency and mass transfer as the so-called six
gear parameters [10,11]. Advances in PEC artificial photosynthesis
have revealed that the combination of these six fundamental pa-
rameters determines the overall efficiency of solar fuel production.
Pioneering research on semiconductor/co-catalyst interfaces re-
ported by Can Li et al. [12], the introduction of a dual-layer oxida-
tion co-catalyst by Kim and Choi [13], a dual-absorber tandem cell
by Sivula et al. [14], and use of plasmonic-metal nanostructures by
Wu et al. [15] have provided a basis for understanding the signifi-
cance of these fundamental parameters.

The basic aspects of a photoelectrode are light harvesting,
charge separation via diffusion and charge collection. Therefore,
new concepts for metal oxides have been designed and guided by
simulations. The strategies for band-structure tailoring [16e18],
crystal facet engineering [19], and morphology structuring [20]
have been used to satisfy the thermodynamic and kinetic re-
quirements for performance improvement. These suggestions, such
as interstitial/substitutional doping of elements and crystal cuts on
TiO2, ZnO, Cu2O, WO3 and SrTiO3 have been mostly studied for PC
systems instead of PEC systems. In particular, bismuth vanadate
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(BiVO4) with a monoclinic scheelite structure has been used for the
visible light-triggered water oxidation reaction since the landmark
research of Kudo et al. [21] and Lee et al. [22]. From the introduction
of impurity elements, surface modifications, and coupling with
graphitic carbon materials, to the post-synthetic treatments,
tremendous efforts on BiVO4 have been made to overcome its
intrinsic shortcomings, such as poor charge transfer kinetics
[23e25]. Although, extensive research has been carried out on
photocatalytic improvements, there is still great potential for per-
formance improvements. Even though BiVO4 has been adopted in
PEC systems, it has been solely classified as a photon absorber [26].

In our previous work, we investigated, for the first time, the
introduction of (040) crystal facet-engineered BiVO4 photoanode
for oxygen evolution reaction (OER). Our designed model of the
BiVO4 photoanode with selectively exposed (040) crystal facets
demonstrated the significance of charge separation efficiency and
surface charge transfer efficiency induced by the (040) plane in a
pure BiVO4 photoanode, resulting in the highest PEC performance
[27,28]. Our findings suggest that the method of exposing the
photoactive (040) crystal facets of the BiVO4 photoanode should be
applicable to other metal oxide photoelectrodes. Strikingly, here,
anisotropically grown BiVO4 photoelectrode is designed to achieve
band edge engineering induced by coupled crystal facets for pho-
toelectrochemical hydrogen evolution reaction (HER) even though
intrinsic performances in BiVO4 corresponds to OER. Given that
artificial photosynthesis occurs in the presence of an electrolyte,
another significant aspect is the interfacial phenomena between
the metal oxide solid surface and a liquid electrolyte during the
HER. Understanding the nature of the interfacial surface structure
at the atomic level and molecular scale during the photon con-
version process is crucial for practical applications. Observation of
these in situ phenomena through ex situ characterization in air
requires one to be very careful, resulting in a considerable debate
on the subject. To meet this challenge, we employed in situ PEC X-
ray absorption spectroscopy (XAS), which is a straight-forward
method for unravelling the chemical and structural significance
of interfacial surface structure of coupled crystal facets in solar light
illumination under electrochemical control. Herein, we provide
scientific aspects of electronic conduction and surface charge
density using the relative exposure extent of coupled crystal facets
for HER in BiVO4, which is the essential first step toward improving
PEC performances.

2. Experimental section

2.1. Electrode preparation

The synthesis procedure for scheelite monoclinic bismuth
vanadate (BVO) was slightly modified from that described in our
previous report [27,28]. For the BVO seed layer, Bi(NO3)3�5H2O
(5mmol, 2.4254 g, Sigma-Aldrich, 98%), NH4VO3 (5mmol, 0.5849 g,
Sigma-Aldrich) and citric acid (2-hydroxypropane-1,2,3-
tricarboxylic acid, 10 mmol, Daejung, Monohydrate 99.5%) were
dissolved in 15 mL of 23.3% aqueous HNO3 (v/v of 60% HNO3 and
distilled water, 0.63/1) and stirred for 30 min. The transparent blue
solution was added to acetic acid (3.75 mL) with polyvinyl alcohol
(PVA, 1.2 g, Aldrich, Mw 89000e98000, 99þ% hydrolyzed) and
stirred vigorously until the solution became transparent, for
approximately 6 h. After the FTO substrate (TEC-8, 6e9 U/sq.,
2.0 cm� 2.0 cm) was cleaned using a distilled water, acetone and 2-
propanol (v/v/v, 1/1/1) solution for 30 min and dried with nitrogen
gas, the as-prepared blue solution was dropped and spin-coated
onto a clean FTO substrate at 1000 rpm for 10 s and 2000 rpm for
10 s followed by heat treatment in air at 723 K for 4 h. For the
anisotropically-grown BVO photoelectrode, Bi(NO3)3�5H2O
(4 mmol, 0.1164 g) and NH4VO3 (4mmol, 0.028 g) were dissolved in
60 mL of 2.0 M aqueous HNO3. Then, as a structure-directing agent,
a titanium (III) chloride solution (Sigma-Aldrich, �12% TiCl3 basis)
was added to the as-prepared solution. After adjusting the pH to 1.0
using an ammonia solution (NH4OH, JIN Chemical, 25e28 wt%), the
reaction solution was transferred to a Teflon-lined autoclave. The
pre-fabricated BVO seed layer on the FTO substrate was immersed
in the reaction solution and allowed to react at 150 �C for 10 h. The
hydrothermally reacted substrate was then heat-treated at 773 K
for 4 h. For the manipulation of the exposure ratio of crystal facets
of the BVO photoelectrode, the amount of TiCl3 solution was
adjusted by adding 0.140, 0.180, 0.268 and 0.320 mL of the TiCl3
solutions and were denoted as 14BVO, 18BVO, 26BVO and 32BVO,
respectively.

2.2. Materials characterization

The surface crystal structures of individual facet on BiVO4 were
simulated by the Crystal MakerTM software. The crystallographic
information for the BVO photoelectrode was obtained using X-ray
diffraction (XRD, Rigaku miniFlex-II desktop X-ray diffractometer,
Cu Ka radiation with l ¼ 0.154056 nm). The microscopic obser-
vation of the BVO photoelectrode was carried out using SEM
(Hitachi S-4300 FE-SEM) equipped with Oxford JEM-2010 energy
dispersive spectroscopy (EDS). High resolution TEM images and
SAED pattern were obtained using a JEOL transmission electron
microscope (JEM 2100F) at an accelerating voltage of 200 keV.
Electronic conduction of individual microcrystals of BVO were
measured on a scanning electron microscope (FEI, NanoSEM 430)
equipped with a four-probe micromanipulator (Kleindiek MM3A-
EM) in its vacuum chamber at room temperature. A silicon wafer
was used as a substrate to support individual microcrystals from
scratched samples of the BVO photoelectrode, which were ultra-
sonically dispersed in an ethanol solution prior to dropping onto
the substrate. For moving the microcrystal and measuring its IeV
curves, two tungsten probes were connected to a Keithley 4200-
SCS semiconductor characterization system. Prior to measure-
ment, two tungsten probes were manipulated to achieve tip-to-tip
contact and then subjected to Joule heating by applying a scanned
voltage from 0 to 10 V several times to fully remove the surface
tungsten oxide layer on the probes. To determine the valence band
minimum (VBM), the valence band position was determined by
ultraviolet photoelectron spectroscopy (UPS, AXIS Nova KRATOS
Inc.) using He I (21.22 eV) excitationwith a constant pass energy of
5 eV in an ultrahigh vacuum (UHV). The optical absorption
and transmittance of the thin BVO film were measured using a
Varian Cary 5000 UVeViseNIR Spectrophotometer (Agilent
Technologies).

2.3. Time Resolved Photoluminescence Measurement

An inverted-type scanning confocal microscope (Picoquant
Micro-Time-200) at Korea Basic Science Institute (Daegu) was
employed to obtain 2D mapping images and decay curves of the
time-resolved photoluminescence (TRPL) of the BVO photo-
anodes. A 375 nm single-mode pulsed diode laser with a pulse
width of 240 ps and a 10 MHz repetition rate was employed as the
excitation source, and an average power of <1 mW was used. The
emissions from the BVO photoanodes were collected with a
dichroic mirror (AHF Z375RDC), a long-pass filter (AHF HQ405lp),
a 50 mmpinhole, and a single-photon avalanche diode (SPAD) after
passing through the neutral density filter, in which the photon
counting rate was maintained at approximately 1% of the excita-
tion rate. The data acquisition was based on a time correlated
single photon counting technique. The measured TRPL data were
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viewed in the SymPhoTime operating software (ver. 5.1.3). The
lifetime values were averaged as “intensity weighted lifetimes” for
many samples. For each sample, we estimated the average lifetime
from the TRPL images by measuring five or more BVO
photoanodes.
2.4. Photoelectrochemical Measurements

A 300 W Xe arc lamp was used for simulated solar illumination
with an AM 1.5G filter (Asahi HAL-320, 100 mW cm�2). Prior to the
PEC measurement, the power density of the incident light was
adjusted to 100 mW cm�2 using an NREL certified reference cell
(Photo Emission Tech., Inc.). The illumination was set as a backside
illumination to the FTO surface. The illuminated areawas 0.636 cm2

of a circle with a diameter of 0.9 cm in 4 cm2 of the BVO photo-
electrode. The photoelectrochemical measurements of the BVO
photoanodes as working electrodes in a conventional three-
electrode system were performed using a PL-9 potentiostat with
and without the simulated solar light illumination. Using a Pt
electrode and Ag/AgCl reference electrode in an aqueous Na2SO4
solution (0.5 M, pH ¼ 6.8), the IeV curves were plotted at a scan
rate of 20 mV s�1 by sweeping the potential in the positive
direction.

The light harvesting efficiency (LHE) at each wavelength was
calculated from the absorbance using the following equation
[13,29].

LHE ¼ 1e10�A(l) (A(l): absorbance at wavelength l)

The incident photon to current conversion efficiency (IPCE) from
300 to 600 nm was determined with an applied potential of 0.3 V
(vs Ag/AgCl) using a specially designed IPCE system (PV Measure-
ments, Inc.). An Oriel Cornerstone 130 monochromator was used to
produce monochromatic light with an interval of 10 nm. Based on
the LHE and IPCE, the absorbed photon-to-current efficiency (APCE)
was determined at each wavelength using the following equation
[11,13,29].

APCE (%) ¼ IPCE (%) / LHE

All of the PEC measurements were performed using a Ag/AgCl
(2.0 M of KCl) reference electrode at room temperature, and then,
the applied bias was converted to the reversible hydrogen electrode
(RHE) using the following Nernst equation:

ERHE ¼ EAg/AgCl þ EoAg/AgCl vs. NHE þ0.0591 V � pH

(EoAg/AgCl vs. NHE ¼ 0.1976 V vs. NHE at 25 �C)

where ERHE is the potential vs. RHE, 0.0 V vs. RHE for water
oxidation, ERHE is the experimental potential measured vs. the Ag/
AgCl reference electrode, and EoAg/AgCl vs. NHE is the standard po-
tential of the Ag/AgCl vs. NHE (0.1976 V at 25 �C).
2.5. Hydrogen Evolution Measurements

The hydrogen evolution experiments were carried out in an
airtight continuous flow cell connected to an online GC system
(Agilent 7890A) equipped with HP-Molesieve GC column
(30 m � 0.53 mm). A 50 mL cell with 50 mL of 0.5 M Na2SO4
aqueous solution containing 0.1 g of 26BVO was illuminated. After
Ar gas (99.9999%) was used at a flow rate 6 mL min�1 for 3 h to
remove the air under dark conditions, the reactor was illuminated
under a continuous flow of Ar (6 mL min�1).
2.6. In situ PEC-X-Ray Absorption Analysis

X-ray absorption analysis of the BVO photoelectrodewas carried
out with the PEC measurement. The PEC cell was set according to
the previously mentioned conditions. The local bonding structure
of BVO in a 0.5 M Na2SO4 (pH 6.8) electrolyte with a potentiostat
(Ivium compactstat) was measured using X-ray Absorption Struc-
ture (XAFS) with a synchrotron radiation beam at the Pohang
Accelerator Laboratory (PAL) 10C beam line. Dark conditions with
external bias potential and illumination-onwith 0.6 V external bias
potential versus Ag/AgCl reference electrode were employed. The
measured XAS data have been refined into X-ray absorption near
edge spectra (XANES) and extended X-ray absorption fine structure
(EXAFS), and fitted by computational calculations using the IFEFFIT
algorithm (Supporting Information).

3. Results and discussion

To determine the nature of the interfacial surface structure at
the atomic level, the exposure ratio of crystal facets of a monoclinic
scheelite BiVO4 (BVO) photoanode was designed to achieve
enhancing PEC OER performances induced by the crystal facets
[28]. Based on our recent work, anisotropic BVO single crystals
were hydrothermally grown from their seed layer on a fluorine-
doped tin oxide (FTO) substrate. Microscopic observations pro-
vided information about the exposure of the relative {010} and
{110} crystal facet ratio in an anisotropic BVO single crystal film
(Fig. 1), in which the relative exposure extent of their crystal facets
was manipulated by adding 0.140 mL (14BVO, black square),
0.180 mL (18BVO, green square), 0.268 mL (26BVO, red square) and
0.320 mL (32BVO, blue square) of the structure directing agent.
Typical top-view scanning electron microscopy (SEM) images show
that the relative extent of the laterally-exposed (040) crystal facet
increased as the amount of the structure directing agent increased.
Cross-sectional SEM images and selected area electron diffraction
(SAED) patterns obtained by using high-resolution transmission
electron microscopy (HRTEM) showed that the BVO microcrystal
grew anisotropically from the BVO seed layer on the FTO. To better
understand the crystal structure of the 26BVO microcrystal plate
with the elemental mapping images (supporting information.
Fig. S1), its X-ray powder diffraction (XRD) pattern was well
indexed to monoclinic scheelite BiVO4 (JCPDS card #140688, space
group: I2/a), in which the growth direction from the BiVO4 seed
layer was along the [121] and [110] directions in the monoclinic
structure, determined using XRD (Fig. S2). Among all diffraction
peaks in XRD, a dominant peak corresponds specific orientation of
the film [30]. The relative intensity between (110), (121) and (040)
indicates that the exposed extent of each facet depends on the
amount of structure directing agent. Using the 2q peak position
(30.8�) of the (040) plane in the XRD pattern and the (040) plane in
the SAED pattern (yellow square of Fig. 1), representative individual
microcrystals in 26BVO were observed as a single crystal plate with
6-{110} crystal facets surrounding 2-{010} crystal facets (violet
square in Fig. 1). From the calculation of the optical absorbance
(Fig. S3), the solar light harvesting efficiency (LHE) in 18BVO, 26BVO
and 32BVO was found to be 90% between 375 and 485 nm (Fig. 2a).
Although it is presumed that about 80% of LHEwould be induced by
the relatively thin film of 14BVO, it is worth noting that the mor-
phologies in our BVO photoelectrode were not dominant factors for
the LHE. In particular, from the observation of lmax at 400 nm for
26BVO, it is clear that the incident photon-to-current conversion
efficiency (IPCE) of the LHE is very different from that of the powder
suspension. The IPCE of 26BVO reached 28%, which was the highest
value observed compared to 23% and 21% for 32BVO and in 18BVO,
respectively, at a bias potential of 0.9 V (vs. RHE) (Fig. 2b). The



Fig. 1. Schematic representation and microscopic observations. Schematic representation and typical top-viewed SEM images of 14BVO (black square), 18BVO (green square),
26BVO (red square) and 32BVO (blue square). Focused ion beam-treated cross sectional HRTEM image (red and violet square) and SAED pattern (yellow square) of individual 26BVO
microplate. From the microscopic images, an exposure ratio of crystal facets was manipulated in BVO photoelectrode. White scale bar in SEM images is 5 mm.

Fig. 2. PEC characteristics. (a) LHE, (b) IPCE, (c) APCE and (d) IeV behavior of BVO photoelectrode, 14BVO (black), 18BVO (green), 26BVO (red) and 32BVO (blue). PEC performances of
26BVO indicate that the exposure ratio of crystal facets is dominant to control hsep and htrans.
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absorbed photon-to-current conversion efficiency (APCE) was 32%
in 26BVO at 0.9 V (vs. RHE) (Fig. 2c). IPCE (%) is typically calculated
by multiplying the charge separation efficiency (hsep), charge
transport efficiency (htrans) and interfacial charge transfer efficiency
(hinter) at the interfacial solid-liquid junction [11,29]. Given that
hinter of BVO, of which the LHE was constant, is dominated by the
introduction of the co-catalyst, these IPCE and APCE characteristics
are consistent with the fact that the specific ratio of the coupled
crystal facets led to higher values of hsep and htrans.
As expected from the coupled exposure of crystal facets with
different extent of {010} and {110}, the PEC characteristics shown in
Fig. 2d indicate that 26BVO produced the highest photocurrent
density of 3.0 mA cm�2, which was much larger than that of 18BVO
(2.3mA cm�2) and 32BVO (1.4mA cm�2) at 2.1 V (vs. RHE) under AM
1.5 G illumination. 14BVO exhibited an onset potential (Vop) of
0.42 V, which is typically observed in bulk BiVO4. Interestingly, Vop
exhibited a cathodic shift to 0.22 V for 26BVO. The obtained
photocurrent responses in the chopped light current-voltage (IeV)
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curve indicate that 26BVO overcome an electron-hole recombina-
tion at the electrode/electrolyte interface (Fig. S4). Considering that
the IeV characteristics of 14BVO showed an inherent behavior of
typical BiVO4 suffering from slower charge mobility and lesser
charge separation than the others [31,32], it is important to note
that the specific exposure degree of the crystal facets drive the
photogenerated charge flow and enhance hsep and htrans. More
interestingly, cathodic current was observed below Vop in 26BVO,
even BiVO4 is well-known n-type semiconducting material
(Fig. S4). In addition, even though 32BVO and 18BVO had similar
LHE, IPCE and APCE values, their photocurrent densities were
remarkably different. This result indicates that the relative expo-
sure of the coupled crystal facet was favorable for the lower energy
barrier for hsep and htrans. To a significant extent, such enhanced
PEC characteristics of the excitation and decay kinetics of the
photogenerated charge carriers were confirmed using time-
resolved photoluminescence (TRPL) spectroscopy of the BVO sur-
face at room temperature (RT). 2D-PL images and TRPL decay
curves of four types of BVO photoelectrodes proved the information
about the relative numbers of the excited state electrons and their
charge recombination rates and decay times, indicating that the
accumulation of photogenerated charges at the surface drives the
water oxidation kinetics. Using the excitation wavelength at
375 nm, the average decay times (tave) of the charge carriers in
14BVO, 18BVO and 26BVO were determined to be 21, 25, and 30 ns,
respectively, as shown in Fig. 3. The tave value of the charge carriers
in the 32BVO photoelectrodewas enhanced by 38 ns comparedwith
those of the others, which indicates that the larger exposure area of
Fig. 3. Time-resolved photoluminescence and electrical conduction. Time-resolved phot
measurement of individual BVO situated in SEM chamber (lower row), 14BVO (black), 18BVO
the {010} crystal facet increased the charge transfer efficiency.
Additionally, the energy barrier for charge transferwas investigated
with the electrical conductivity of BVO with different exposure
extent of coupled crystal facets, as shown in Fig. 3. An Individual
BVO microcrystal with different exposure ratios of crystal facets
was electrically connected to tungsten (W) tips, the probe station of
which was situated in a field emission scanning electron micro-
scopy (FE-SEM). The electrical conductivities along the [010] di-
rection of the BVO samples with different area ratios of crystal
facets were determined to be between 2.0 and �2.0 V after
removing surface oxides of the W tips by Joule heating through the
W tip-to-tip contact (Fig. S5). The nonlinear current curve increased
as the applied bias potential increased in the representative BVO
curve, indicating the presence of a Schottky barrier at the interface
between the metal tips and metal oxide [33,34]. Such a potential
barrier formed at the interface corresponds to a difference in the
work function between the BiVO4 metal oxide (~5.27 eV) [35] and
W metal probes (~4.55 eV) [34]; the difference between the Fermi
and vacuum energies is discussed later using UV photoelectron
spectroscopy (UPS) investigation results. The electrical connection
between the {010} facets of 14BVOwas non-conductive. The contact
current between the {010} facets of the 18BVOmicrocrystals was ca.
7.5 nA at�2.0 V. The highest current was observed to be ca.12 nA in
the electrical connection between the {010} facets of the 26BVO
microcrystal. The current of 26BVO was approximately 4.8 times
higher than that of 32BVO, the surface current of which was ca.
2.5 nA at a bias potential between �2 and 2 V. As expected from
previous reports, the exposure of specific crystal facets has been
oluminescence (TRPL) and 2D-PL decay images (upper row) and electrical conduction
(green), 26BVO (red) and 32BVO (blue).
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recognized as the dominant factor for manipulating the photo-
catalytic/photochemical performance. Because the {010} facets
were electrically connected in the all scheelite monoclinic structure
BVO samples, the contact resistance at the BVO-W interfaces should
be constant. Interestingly, the current difference observed in our
experiments implies the presence of an alternative factor that en-
hances the intrinsic conductivity of the metal oxide. This result
indicates that the anisotropy of the atomic arrangement results in
coupled crystal facet-dependent electrical properties and, simul-
taneously, the thickness of the surface layer with different exposure
extent of the {010} and {110} crystal facets is the unexpected
dominant factor for electrical conductivity [34,36]. Although the
32BVO microcrystal possesses a high exposure of the {010} crystal
facet, its current value can be considered as negligible conductivity,
like that of 14BVO, which is clear evidence to support our obser-
vation. Our observation that the contact current of the four repre-
sentative kinds of BVO behaved differently indicates that BVOs with
specific exposure extent of coupled crystal facets exert a critical
effect on the anisotropic electronic conduction.

For unravelling atomic-level information of the electronic state
and local surface structure at BVO interface during the water
oxidation reaction, in situ X-ray absorption spectroscopy (XAS) was
performed under PEC conditions. As the valence band maximum
(VBM) of BVO is determined by the hybrid orbital of Bi 6s/O 2s, Bi in
BVO as the X-ray absorbing atom was irradiated by synchrotron X-
ray. The fluorescence change was observed for illumination-on and
illumination-off conditions to obtain geometric information about
the atoms around the Bi atom, as shown in Fig. 4 (a). The X-ray
absorption near edge structure (XANES) spectra at the Bi L3-edge of
a representative BVO samples were compared for the function of
illumination-off (Fig. 4b)/-on (Fig. 4c) conditions. The absorption
edge feature of 13430 eV was observed in the XANES spectrum
(Fig. S6) [37], which corresponds to electric transition from 2p to 6d
based on the selection rules of photon absorption. This feature
shows a nearly perfect overlap of all the different BVO samples
under illumination-off, even though under illumination-on. This
Fig. 4. In-situ XAS. (a) Schematic illustration of in-situ EXAFS and XANES measured as
illumination-on (c). Bi L3-edge EXAFS measured under illumination-off (d) and illumination
distance and quantitative aspect is remarkable between illumination-off and -on.
indicates that the X-ray absorbing atom remains in the Bi3þ elec-
tronic state under both conditions. It is concluded that the atomic
environmental structures of Bi metal in all four kinds of BVO were
not influenced by the applied bias potential and illumination, like a
previous report on the V atom [31], and produced significant PEC
performances. The interatomic distance around the X-ray
absorbing Bi atom was investigated with extended X-ray absorp-
tion fine structure (EXAFS) spectroscopy under illumination-on and
illumination-off conditions. The first oscillation peak centered at
2.44 Å corresponds to the BieO distance in BVO at the applied bias
potential of 1.2 V. The second oscillation peak at 3.17 Å is associated
with the distance between the Bi and V atoms on BVO with an
applied bias potential of 1.2 V (Fig. S7). The interatomic distance
around the Bi atom of all BVO samples showed negligible changes,
regardless of the applied bias potential (Fig. 4d). Interestingly, the
illumination-on condition changes the BVO atomic arrangement
structure surrounding the Bi atom (Fig. 4e). With the interatomic
radial distance between BieO at an applied bias potential of 1.2 V
under dark conditions as a reference, the distance decreased under
the illumination-on condition. The BieO distance of 2.44 Å of all the
BVO samples under the illumination-off condition decreased to
2.35, 2.30 and 2.25 Å in 14BVO, 18BVO and 26BVO, respectively, under
the illumination-on condition (Table S1). The shifts to shorter bond
distances under the illumination-on condition indicate increased
electron densities of the vacant bondingmolecular orbitals of BieO,
shown by the increased bond order of the BieO bond because of the
presence of electron-donating species with oxygen such as OH�, O2

*-

and H2O. The observed shift by 0.14 Å clearly matches the calcu-
lated shift from 2.27 Å to 2.36 Å of the BieO geometry reported by
Can Li et al. [38], in which spin-polarized density functional theory
(DFT) was performed for the excess electrons in BVO, based on a
small polaron model [39]. It is worth noting that the changes in the
BieO bond distances occurred in the order 14BVO < 18BVO < 26BVO,
corresponding to the order of increasing PEC performances. On the
other hand, the increased interatomic distance of BieV from 3.17 Å
under dark conditions were in the order 3.21 Å in 14BVO < 3.28 Å in
a function of illumination-off/on. XANES spectrum under illumination-off (b) and
-on (e). 14BVO (black), 18BVO (green), 26BVO (red) and 32BVO (blue). Changes in radial



Fig. 5. Geometrical surface structure of BVO. (040) crystal facet of BVO (upper) and (110) crystal facet of BVO (lower). Bi atom (yellow ball), V atom (blue ball) and O atom (red ball).
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18BVO < 3.30 Å in 26BVO, indicating that the electron density be-
tween the BieV bond decreased because of electron donation to
water oxidation reaction sites. Our in situ PEC-XAS results show
that the scientific results obtained for thewater splitting reaction at
Fig. 6. Schematic illustration of energy band up-lifting. Polaron hoping site and oxygen e
(black), 18BVO (green), 26BVO (red) and 32BVO (blue). Energy band edge was up-shifted as
the {010}-{110} coupled crystal facets of BVO are significant. The
contribution of electron transfer by Bi 6s orbitals to V 3d orbitals of
the conduction bandminimum (CBM) of BVO by photoexcitation, in
which Bi3þ is expected to be oxidized, differs from our observation
volution site on {010} facets on BVO (upper) and calculated energy band edge of 14BVO
exposure extent of coupled crystal facets.
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of no shift in the Bi oxidation state based on XANES results.
Contraction of the BeO distance and elongation of the BeV distance
reveal that the Bi atom fluctuated/oscillated around VO4

3� units
under the illumination-on condition. Such oscillations of the Bi
atom were quantitatively more predominant in 26BVO than the
other as well (determined using the areas under parabolas in
EXAFS). Considering simulated results by Can Li et al., who showed
that electron mobility was a {010}-dependent feature and hole
mobility was {110}-dependent [40], it can be deduced that a larger
number of Bi atoms are able to more freely oscillate in the {010}-
{110} crystal facets of 26BVO than in the other samples. Combining
this with the TRPL results, the geometrical atomic structure of
26BVO facilitates charge carrier polaron formation, and the excess
electrons are stabilized at the VO4

3� site and holes are localized at O
sites of the BiO8 unit (Fig. 5). The contraction of the BeO distance is
induced by stronger hybridization between Bi 6s and O 2p orbitals,
and change in the charge density results in the shifting of band
energy. To probe our hypothesis, BVO samples with different extent
of exposed crystal facets were investigated for band energy posi-
tion using the Tauc equation (Fig. S8) and UPS measurements
(Fig. S9) [41]. From diffuse reflectance measurements (DRS), the
band gap energies (Eg) were determined to be 2.44 eV for the four
kinds of BVO. Based on UPS measurements, the band energy posi-
tion was determined by Mulliken electronegativity theory and UPS
Fig. 7. Evolved hydrogen measurement. (a) Standard calibration of hydrogen, (b)
evolved hydrogen of 26VBO as a function of time and (c) hydrogen evolution curves of
14BVO (black), 18BVO (green), 26BVO (red) and 32BVO (blue).
analysis, as suggested by Prof. Domen [42,43]. The VBM measure-
ments showed band energy positions of 3.06 eV (vs NHE) for 14BVO,
2.43 eV for 18BVO, 2.08 eV for 26BVO and 2.58 eV for 32BVO (Fig. 6). It
is worth noting that the VBM position of 26BVO is more negative,
considering that the VBM of typical BiVO4 is located at ~2.8 eV [35].
Strikingly the band energy position moved upward, as can be seen
with the Eg value of 2.44 eV because of the specific extent of the
{010}/{110} coupled crystal facets. Based on our calculation of the
band energy position (Fig. S10), negative-shifting of VBM occurred
in order of 14BVO < 18BVO < 26BVO because of the lower energy
barrier between BVO and W, as shown in Fig. 2. Simultaneously, an
upward shift of CBM in 26BVO was sufficient to reach the energy
level for hydrogen evolution. Given that the CBM of typical BiVO4 is
responsible for the H2 evolution level, CBM in 26BVO was more
negatively shifted to �0.3 eV. To prove our calculation of the CBM
position in BVOs, hydrogen evolution of the BVOs was confirmed
with gas chromatography without additives, such as hole/electron
scavengers. As expected from our observation of the CBM position
in 14BVO, 18BVO, and 32BVO, hydrogen was negligibly detected.
Interestingly, the hydrogen evolution rate in 26BVO was about
0.025 mmol g�1 h�1 and undetectable in the other samples (Fig. 7).
This indicates that our observations on the band energy up-lifting is
consistent with the increased electron conduction of individual
microcrystals with different coupled exposure extent of crystal
facets of BVO. The specific exposure of crystal facets allows band
edge engineering of BVO for the entire water splitting reaction,
which exerts a considerable influence on electronic conductivity.

4. Conclusion

In summary, the local electronic and geometric atomic crystal
structures of BVO with relatively coupled exposure extent of crystal
facets were investigated by in situ X-ray synchrotron radiation
measurements to elucidate the origin of HER performance
enhancement. Our findings from the in situ PEC-XAS studies
showed the contraction of the distance between Bi and O atoms
and elongation of the distance of Bi-VO4 units during the water
oxidation reaction. Coupled exposure extent of the {010}/{110}
crystal facets caused oscillations of the Bi3þ atom and lowered the
energy barrier for charge transfer. Through oscillations of the Bi
atom, such contraction and elongation could stabilize the holes at
oxygen sites and the stabilized holes have a long lifetime that
promotes the water oxidation reaction. Based on the above results,
it can be clearly concluded that the charge carrier was highly sta-
bilized and stacked and resulted in the up-lifting of the band energy
with coupled exposure ratios of {010} and {110} crystal facets. Our
findings provide direct evidence of the electronic conductivity and
geometric crystal structure of BiVO4 for improved PEC perfor-
mances at the atomic level, which will help elucidate the mecha-
nism of thewater splitting reaction by semiconductor candidates in
photovoltaic and photocatalytic reactions.
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