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mobility and fast charge recombination, 
which result in limitations during prac-
tical application. Because the solar light 
conversion effi ciency ( η ) [ 15 ]  is directly pro-
portional to the product of the solar light 
absorption effi ciency ( η  abs ), charge separa-
tion effi ciency ( η  sep ), and surface charge 
transfer effi ciency ( η  trans ). The decoration 
of the cocatalyst [ 16 ]  and the introduction 
of porosity to increase surface area [ 17 ]  have 
been studied for practical usage of PEC 
with increased  η  abs ,  η  sep , and  η  trans . Specifi -
cally, recent developments in the fully inte-
grated nanowire-based heterostructure [ 18,19 ]  
and the introduction of a dual-layer oxida-
tion cocatalyst [ 20 ]  into porous BiVO 4  have 
been reported for practical solar fuel pro-
duction with good  η  abs ,  η  sep , and  η  tran . 

 However, the typical PEC performance 
of a pristine BiVO 4  photoanode to pro-
duce solar fuel products is not impressive 

because it suffers from inherent drawbacks. The development 
and design of BiVO 4  microcrystals have been highlighted to 
produce solar fuel products by introducing photocatalytic crystal 
facet engineering and cocatalyst, [ 20–22 ]  and the breakthrough for 
enhancing solar light conversion effi ciency has not been sug-
gested previously for a pristine BiVO 4  photoanode. 

 Here, a (040)-crystal facet engineered BiVO 4  ((040)-BVO) 
plate photoanode has been investigated to produce solar fuel 
products as an artifi cial photosynthesis with highly enhanced 
PEC performance via a crystal facet engineering approach that 
is based on reports by Cheng and co-workers [ 23,24 ]  and Li and 
co-workers. [ 11,21,22 ]  We demonstrate the higher PEC perfor-
mance caused by higher effi cient  η  sep  and  η  tran  of the BVO thin 
fi lm with selectively exposed (040) crystal facet. Because the 
(040) facet-manipulated BiVO 4  plate photoanode has not been 
previously studied, our designed model demonstrates the sig-
nifi cance of the interfacial electron transport reaction between 
the {010} plane and the electrolyte with  η  sep  and  η  tran , resulting 
in the highest PEC performance. The results of this study 
may provide the most viable strategy for designing an effi cient 
BiVO 4  photoanode for enhanced solar fuel production.  

  2.     Results and Discussion 

 A (040)-crystal facet engineered BiVO 4  plate photoanode ((040)-
BVO) was hydrothermally synthesized via a seed layer approach 

 A (040)-crystal facet engineered BiVO 4  ((040)-BVO) photoanode is 
investigated for solar fuel production. The (040)-BVO photoanode is favorable 
for improved charge carrier mobility and high photocatalytic active sites 
for solar light energy conversion. This crystal facet design of the (040)-BVO 
photoanode leads to an increase in the energy conversion effi ciency for 
solar fuel production and an enhancement of the oxygen evolution rate. 
The photocurrent density of the (040)-BVO photoanode is determined to 
be 0.94 mA cm −2  under AM 1.5 G illumination and produces 42.1% of 
the absorbed photon-to-current conversion effi ciency at 1.23 V (vs RHE, 
reversible hydrogen electrode). The enhanced charge separation effi ciency 
and improved charge injection effi ciency driven by (040) facet can produce 
hydrogen with 0.02 mmol h −1  at 1.23 V. The correlation between the 
(040)-BVO photoanode and the solar fuel production is investigated. 
The results provide a promising approach for the development of solar fuel 
production using a BiVO 4  photoanode. 

  1.     Introduction 

 Photoelectrochemical (PEC) products in solar light water 
splitting have attracted much attention as an artifi cial photo-
synthesis. [ 1–5 ]  Since the fi rst demonstration by Fujishima and 
Honda, [ 6 ]  recent developments and advances have been focused 
on PEC performance, which is considered to be the key chal-
lenge in developing a photoelectrode for the solar light water 
splitting reaction. [ 7–10 ]  Theoretically, the effi cient light absorp-
tion and favorable valence band edge of bismuth vanadate 
(BiVO 4 ) thin fi lm allow for a maximum photocurrent density of 
7.5 mA cm −2  under Air Mass 1.5 Global (AM 1.5 G) solar illumi-
nation. [ 4 ]  Therefore, BiVO 4  has been proposed as the best PEC 
performance photocatalyst for solar light driven water oxidation 
reactions. [ 10–14 ]  However, the practical photogenerated current 
of this photocatalyst is much lower than the theoretical calcula-
tion because of its inherent drawbacks, such as sluggish charge 
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by using a TiCl 3 -structure directing agent (Ti-SDA). Microscopic 
observation provided information on the growth direction of 
(040)-BVO, as shown in  Figure    1  . High-resolution transmis-
sion electron microscopy (HRTEM) and selected-area electron 
diffraction (SAED) patterns viewed along the [010] direction 
showed that the plate shape BiVO 4  microcrystal grew vertically/
hydrothermally along the [121] direction as dominant peak of 
XRD spectrum, corresponding to the c-axis from the BiVO 4  
seed layer on the surface of fl uorine doped tin oxide glass 
(FTO), resulting in the larger surface area of (040) crystal facet 
of BiVO 4  photoanode (Figure S1, Supporting Information). 
A well-defi ned BiVO 4  plate was observed as a single crystal 

plate with a length of approximately 1.5 µm 
and a thickness of approximately 650 nm. 
It is important to note that each individual 
BiVO 4  microcrystal appears to have a decahe-
dral single crystal plate with 4-exposed (011) 
crystal facets and 4-exposed (110) crystal facets 
along with 2-exposed (010) crystal facets. In 
each individual plate of BiVO 4 , 2-(010) crystal 
facets surrounding 4-(110) and 2-(011) crystal 
facets were grown with 2-(011) crystal facets 
hidden as a base for the seed layer. To better 
understand the crystal structure of the manip-
ulated BiVO 4  microcrystal plate, the c-axis 
vertically growth direction from the BiVO 4  
seed layer was matched along the [121] direc-
tion in the monoclinic structure, which was 
studied using X-ray powder diffraction (XRD) 
and a scanning electron microscopy (SEM) 
( Figure    2  ). Figure  2  shows SEM images of the 
top of the BiVO 4  seed layer (SL-BVO), BiVO 4  
plate fi lm (PF-BVO), and (040) facet-engi-

neered BiVO 4  fi lm ((040)-BVO), which depend on the amount 
of used Ti-SDA (Figure S2, Supporting Information). Interest-
ingly, the exposed lateral side of individual plate became larger 
as the concentration of Ti-SDA increased but is free from Ti/
Cl ion in Ti-SDA (Figures S3–S5, Supporting Information). [ 11 ]  
Thus, the affi nity between SDA and the particular facet results 
in a specifi c microcrystal morphology by suppressing the 
growth of individual crystal facets. [ 24–26 ]  All of the diffractions 
in the XRD pattern were well indexed to monoclinic scheelite 
BiVO 4  (JCPDS card #140688, space group:  I 2/a). [ 11 ]  Because the 
(040) plane of the BiVO 4  microcrystal plate is positioned with 
the lateral side of each individual plate, the 2 θ  peak position 

Adv. Energy Mater. 2016, 6, 1501754

www.MaterialsViews.com
www.advenergymat.de

 Figure 1.    Scheme and transmission electron microscopy observation. Scheme of the 
a) (040)-crystal facet engineered BiVO 4  photoanode, b) focused ion beam-treated cross-
sectional TEM image, and c) (040)-viewed HRTEM and SAED pattern of individual microplate. 
From the TEM images, the individual microplate with the lateral (040) facet in the photoanode 
was well grown on the seed layer.

 Figure 2.    Morphological observation. Scheme of the a) top-viewed FESEM images and XRD pattern of the BiVO 4  seed layer, b) BiVO 4  plate fi lm and 
c) (040) facet engineered BiVO 4  fi lm. Exposed area of the lateral (040) facet depends on the use of a TiCl 3  solution. BiVO 4  plate fi lm ((b), 0.06 mL of 
TiCl 3 ) and (040) facet engineered BiVO 4  fi lm ((c), 0.12 mL of TiCl 3 ). Scale bar represents 5 µm.
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of the (040) plane in the XRD pattern was located at 30.8° in 
SL-BVO and PF-BVO. It is important to note that the 2 θ  value 
of the lateral side is indistinct in (040)-BVO, which indicates 
that the peak position of the (040) facet in BiVO 4  is related 
to the exposure of the lateral side facet, as shown in the SEM 
images of Figure  2 . Based on the seed layer approach, our 
microscopic and crystallographic observations support the ver-
tical growth of the monoclinic scheelite (040)-BVO as a single-
crystalline BiVO 4  microcrystal plate from a BiVO 4  seed layer on 
the FTO substrate.   

 As expected from the relationship between the exposed (040) 
facet and the PEC performance, the photoelectrochemical char-
acteristics shown in  Figure    3   indicate that (040)-BVO produced 
the highest photocurrent density of 0.94 mA cm −2 , which was 
much larger than that of PF-BVO (0.35 mA cm −2 ) and SL-BVO 
(0.1 mA cm −2 ) at 1.23 V (vs RHE, reversible hydrogen electrode) 
under AM 1.5 G illumination. From each photocurrent response 
behavior, the photoelectrochemical signifi cance can be deter-
mined. First, considering that current–voltage ( I – V ) behavior of 
SL-BVO have been clearly observed as that of a typical BiVO 4  
photoanode, the comparative data is presented in Table S1 (Sup-
porting Information). The exponential shape of photocurrent 
curve corresponds to the classical behavior of SL-BVO. [ 27 ]   

 It indicates that the photovoltaic performance in typical 
BiVO 4  inherently suffers from slower charge mobility and less 
charge separation, which resulted in a photocurrent density of 
0.1 mA cm −2 . [ 17 ]  Interestingly, as the (040)-crystal facet becomes 
exposed in PF-BVO, their  I – V  curve exhibits a straight line 
with slope, and the photocurrent density rapidly increased to 
0.35 mA cm −2 . By considering that the photocurrent density 
reaches to 0.94 mA cm −2  with (040)-BVO, it is important to note 
that the (040) crystal facet drives the photogenerated charge 
fl ow and enhances charge separation and charge transfer. In 

addition, because the lower fi ll factor of the  I – V  curve repre-
sents the higher charge carrier recombination, the (040) crystal 
facet reduces charge trap sites for favorable charge transfer. 
Finally, for the water oxidation kinetics, SL-BVO exhibited 
an onset potential ( V  op ) of 0.66 V (vs RHE), which is typically 
observed in bulk BiVO 4  (Figure S6, Supporting Information). [ 28 ]  
The obtained transient photocurrent responses in the chopped 
light  I – V  curve of (040)-BVO indicate electron–hole recombina-
tion at the electrode/electrolyte interface. [ 29 ]  Initially holes are 
accumulated at the solid/liquid interface because of slower 
kinetics of water oxidation. Therefore, it is end up with elec-
tron–hole recombination and generate initial spike in transient 
photocurrent. Finally steady-state photocurrent are observed, 
because smooth hole transfer takes place without electron–
hole recombination. This process have been practically shown 
in transient photocurrent responses in the chopped light 
(Figure  3 a). Interestingly, 0.43 V of  V  op  observed as cathodic 
shift in the photocurrent curve of PF-BVO. In addition, in the 
photocurrent curve,  V  op  exhibited a cathodic shift to 0.39 V for 
(040)-BVO. Because overpotential is required for the water oxi-
dation reaction, in which the photogenerated charges accumu-
late and recombine at the semiconductor/liquid junction, the 
(040) crystal facet has a lower water oxidation energy barrier 
for interfacial charge transfer. PEC performance with H 2 O 2  as 
a hole-scavenger has been confi rmed to be enhanced as a lateral 
(040) crystal facet of BiVO 4  photoanode to be exposed as larger 
surface area in Figure S7 (Supporting Information). 

 Photocurrent density obtained from H 2 O 2  oxidation reaction 
is following Equation [ 20,30 ] 

 
H O

abs char inj
2 2J J P P= × ×    

   where,  J  abs  is the photon absorption rate,  P  char  is charge separa-
tion rate, and  P  inj  is charge injection rate. 
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 Figure 3.    PEC characteristics and H 2 /O 2  evolution measurement as a function of bias. a)  I – V  curves, b) IPCE, c) H 2  evolution measurement, and 
d) O 2  evolution measurement of the BiVO 4  seed layer (black), BiVO 4  plate fi lm (blue), and (040) facet engineered BiVO 4  fi lm (red). IPCE obtained at 
O V (�), 0.3 V (�), 0.6 V (�), and 1.0 V (�) versus Ag/AgCl. Gas evolution measured at 0.6 V (vs Ag/AgCl).
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 Considering fast oxidation kinetics in H 2 O 2  electrolyte, it is 
clear that electron–hole recombination is negligible ( P  inj  ≈1) 
at solid/liquid junction. In H 2 O electrolyte,  P  inj  is calculated 
by taking ratio of H O2J  and H O2 2J , which is equal to ≈39.5% at 
1.23 V (vs RHE) as shown in Figure S7 (Supporting Informa-
tion). The  J  abs  (3.158 mA cm −2 ) of in (040)-BVO was calculated 
from absorption spectrum and  P  char  of (040)-BVO reached to 
0.72 at 1.23 V (vs RHE). It is worthy note that  P  char  and  P  inj  
increases dramatically as (040) facet get exposure. Even more, 
0.72 of  P  char  is much more remarkable value with a best of our 
knowledge considering that a typical  P  char  for a pristine BiVO 4  
photoanode is from 0.2 to 0.3 at 1.23 (vs RHE). [ 20,30 ]  

 These PEC characteristics, which depend on the (040)-crystal 
facet, were also observed in the incident photon to current con-
version effi ciency (IPCE). The onset photocurrent wavelength 
( λ  op ) at 1.23 V (vs RHE) was 500 nm in SL-BVO, which is rep-
resentative of typical bulk BiVO 4 , as shown in Figure  3 b and 
Figure S8 (Supporting Information). Notably,  λ  op  is shifted 
from 500 nm to 540 nm as the (040) crystal facet becomes 
exposed in PF-BVO and (040)-BVO. From the calculation of the 
absorbance in (040)-BVO, the solar light harvesting effi ciency 
(LHE) reached 89% at between 375m and 480 nm, as shown in 
LHE of Figure S9 (Supporting Information) and optical absorb-
ance of Figure S10 (Supporting Information). In particular, 
based on the observation of  λ  max  at 410 nm for (040)-BVO, 
its  I – V  curve exhibited a distinct behavior when (040)-BVO is 
exposed to 410 nm. The  V  op  (vs RHE) in (040)-BVO (i.e., 0.39 V) 
is very early among pristine BiVO 4  photoanode, and its 
photo current density rapidly increased from the potential at 
0.6 V, which indicated the remarkable difference compared 
with SL-BVO. IPCE of (040)-BVO reaches 37.5%, which is the 
highest value compared to 1.8% and 13.9% for SL-BVO and in 
PF-BVO, respectively, at a bias potential of 1.23 V (vs RHE). The 
absorbed photon-to-current conversion effi ciency (APCE) was 
42.1% in (040)-BVO. Based on IPCE (%) = charge separation 
effi ciency ( η  sep ) × charge transport effi ciency ( η  trans ) × interfacial 
charge transfer effi ciency ( η  inter ) at the interfacial solid–liquid 
junction, these IPCE and APCE characteristics are consistent 
with the fact that the (040) crystal facet leads to the higher solar 
light absorption and charge separation effi ciency, considering 
that  η  inter  is considered with usage of cocatalyst. [ 15,19,31 ]  The 
applied bias photon-to-current effi ciency (ABPE) of (040)-BVO 
is calculated and plotted from its  I – V  curve in Figures S11 
and S12 (Supporting Information), where 0.07% was obtained 
as a maximum ABPE at 1.05 V. Based on the enhanced  η  sep  
and  η  trans  due to the exposed (040) crystal facet, the deter-
mined amount of O 2  and H 2  solar fuels was observed at 1.23 V 
(vs RHE) under AM 1.5 G illumination. In Figure  3 c,d, the 
evolution of solar fuel products with (040)-BVO was impres-
sive with respect to their accumulated amount of solar fuel and 
the long-term stability of the photoanode. The hydrogen evolu-
tion rate in (040)-BVO was about 0.02 mmol h −1  compared with 
0.007 mmol h −1  and 0.002 mmol h −1  using PF-BVO and 
SL-BVO, respectively. For O 2  evolution, 0.01 mmol h −1  was pro-
duced in (040)-BVO, which was very high. In addition to the 
PEC characteristics, favorable water oxidation rate was achieved 
with enhanced  η  inter  in (040)-BVO and resulted in 100% of fara-
daic effi ciency of accumulated solar fuel products. (see calcu-
lation in the Supporting Information) The evolution reactions 

of the solar fuel products were stable over 40 h due to the 
long-term stability of the (040)-BVO photoanode (Figure S12, 
Supporting Information). 

 To date, PEC enhancement has been predicted and sys-
tematically demonstrated based on the relationship between 
the higher surface energy and the photocatalytic/PEC perfor-
mance. [ 32,33 ]  In this study, order of specifi c surface area did 
not show the reason why PEC performance was improved in 
(040)-BVO (Figure S13, Supporting Information). To under-
stand the enhanced PEC performance in (040)-BVO, the surface 
energy of the typical facets of the BiVO 4  crystal was calculated 
and compared in Figure S14 and Table S2 (Supporting Infor-
mation). For water molecule dissociation by the photogen-
erated charge, the active sites in the BiVO 4  crystal facet should 
include a Bi atom at the topmost layer with dangling bonds, 
which results in a high surface energy. [ 32,33 ]  The (001) surface 
is terminated with only unsaturated oxygen atoms, and the 
(040) plane contains two unsaturated oxygen atoms and 
unsaturated metal atoms in the topmost layer. Therefore, the 
(001) facet has the largest surface energy of 2.5234 J m −2  
compared with 1.6997 J m −2  for the (110) facet and 0.6119 
J m −2  for the (011) facet. However, the surface energy was 
determined to be 0.0479 J m −2  in the (040) plane based on the 
number of dangling bonds from the exposed atom. Especially, 
in the semiconducting photocatalysts such as BiVO 4  and TiO 2 , 
there is still signifi cant controversy on the relationship between 
surface energy and photocatalytic/PEC performance in the lit-
eratures. [ 23,25 ]  Due to the difference of the energy level between 
the conduction band (CB) and valence band (VB) of BiVO 4  
calculated for {110} and {010}, photogenerated electron trans-
port is thermodynamically favorable from CB(110) to CB(010) 
in BiVO 4 . [ 22 ]  Therefore, the geometric structure of the surface 
affects the adsorption and desorption behavior of water mol-
ecules. [ 34 ]  The X-ray absorption near-edge structure (XANES) 
and extended X-ray absorption fi ne structures (EXAFS) were 
determined to identify the geometry of (040)-BVO during the 
PEC measurement. As shown in the EXAFS result of  Figure    4  , 
the neighboring oxygen is far from the Bi atom under illumi-
nation compared to the distance between oxygen and Bi atom. 
In the fl uorescence mode, the Bi L 3 -edge XANES spectra are 
similar with and without illumination (Figure S15, Supporting 
Information). In particular, the pre-edge peak corresponding 
to a 2p → 6s transition was not observed in either case, which 
indicated that the oxidation states of Bi 3+  with a full 6s 2  con-
fi guration in (040)-BVO remains constant during the PEC reac-
tion. To clarify the local surface structure of the Bi L 3 -edge in 
(040)-BVO, Fourier-transformed spectra of EXAFS were com-
pared during the water oxidation reaction. Under dark con-
ditions, two major peaks appear at 1.60 Å and 3.07 Å, which 
correspond to the Bi-O, and Bi-V distance, respectively. Inter-
estingly, during the water oxidation reaction, these two major 
peaks are slightly shifted to 1.63 Å and to 3.10 Å, which is 
indicative of the increasing Bi-O and Bi-V distance, respectively. 
In addition, the Bi-O peak intensity was comparatively lower 
during the water oxidation reaction. These two kinds of change 
demonstrate that the structural ordering was disturbed and the 
Bi-O and Bi-V distances were simultaneously increased, espe-
cially on the surface. [ 12 ]  In the water splitting reaction, charge 
separation by photon absorption occur and it accumulates at 
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the semiconductor/electrolyte interface. With the adsorption of 
water molecules on the exposed Bi atom on the (040)-BVO sur-
face, the exposed Bi atom would be far from the internal oxygen 
atom during the solar irradiation. It weakens the backscattering 
signal of photo-electron in the absorber-neighbor (Bi-O) scat-
tering events compared with the dark condition. [ 35 ]  Because the 
photo-electron from the absorbing Bi atom could scatter from 
a neighboring O atom in XAFS, the scattered photo-electron 
modulates the amplitude of the photo-electron wave-function 
at the absorbing Bi atom. [ 36 ]  It indicates that the Bi-O distance 
increase and atomic ordering on the topmost layer is disordered 
during water splitting reaction.  

 We assume that the charge transfer from the Bi atom to the 
adsorbed H 2 O molecules is highly activated at (040) facet/water 
interface. Based on the concept of surface-bound species, [ 37 ]  
two active sites are required for two water molecule adsorption 
during the oxygen evolution process. For more effi cient water 
splitting, the (040) facet provides more favorable local bonding 
geometry for water molecule adsorption. Based on our observa-
tions, the origin of the highly effi cient solar fuel production on 
(040)-BVO was due to a synergistic effect between the enhanced 
charge mobility and local bonding geometry to get lower energy 
barrier for the effi cient charge transfer through the interface. 
It is consistent with recent reports with facet depending con-
ductivity [ 38 ]  and interfacial charge diffusivity along  c -axis to sub-
strate. [ 39 ]  Especially, based on that the Nyquist plots is attributed 
to the interfacial charge transfer kinetics, the recombination 
resistance at the interface between the surface of BVO thin 
fi lm photoanode and electrolyte solution increases in the fol-
lowing order: (040)-BVO < PF-BVO < SL-BVO in Figure S16 
(Supporting Information). Among them, (040)-BVO exhibits 

the highest photovoltaic performance, owing to its low inter-
facial impedance for charge transfer. 

 To a signifi cant extent, this enhanced PEC performance for 
the kinetics of photogenerated charge carriers was confi rmed 
with time-resolved photoluminescence (TRPL) at room tem-
perature. From the excitation wavelength at 375 nm, transient 
emission was observed at 406, 550, and 600 nm in SL-BVO 
(black), PF-BVO (blue), and (040)-BVO (red), respectively. As 
summarized in  Table    1   and  Figure    5  , the average decay time 
( τ  ave ) of the charge carriers in (040)-BVO was 64.88, 69.62, and 
71.41 ns at the emitted 406, 550, and 600 nm, respectively. 
Because the accumulation of photogenerated charges at the 
surface drives water oxidation kinetics for higher charge sepa-
ration effi ciency as shown in PEC performances using hole 
scavenger of Figure S7 (Supporting Information),  τ  ave  of the 
charge carriers in (040)-BVO is signifi cantly increased com-
pared with those in SL-BVO and PF-BVO, which indicates that 
the (040)-crystal facet enhances the charge separation effi ciency 
and suppresses charge recombination at the interfacial solid–
liquid junction.    

  3.     Conclusions 

 In conclusion, the introduction of the (040) crystal facet into 
the BiVO 4  photoanode has several signifi cant consequences 
for solar fuel production. First, the (040) crystal facet results 
in an accumulation of photogenerated charges and retards 
the charge recombination rate to enhance the charge separa-
tion effi ciency and charge transport effi ciency. A long-lived 
charge, which is accumulated at the interfacial junction, 
promotes the water oxidation kinetics obtained from the geo-
metric structure of the (040) facet. Therefore, our results on 
the enhanced photoelectrochemical performance from the 
facet crystal engineering BiVO 4  photoanode can bring a much 
more improved PEC performance via surface modifi cation 
with appropriate cocatalysts in addition to the introduction of 
dopants and morphology engineering. Based on this research, 
these results are expected to be applicable to other metal oxide 
photoelectrodes and have provided preliminary insight into the 
origin of the photoelectrochemical performance of the (040) 
crystal facet of the BiVO 4  photoanode.  
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 Figure 4.    Geometrical structure and EXAFS. a) Geometrical structure (yellow, blue, red color, and yellowish area stand for Bi, V, O atom, and exposed 
plane respectively) and b) EXAFS of a single individual plate of the (040) facet engineered BiVO 4  fi lm (dark condition; black, illumination, red). Bi-O 
and Bi-V distances were enhanced in the Bi L 3 -edge EXAFS measured during the PEC reaction at 1.23 V (vs RHE).

  Table 1.    Decay time on time-resolved photoluminescence (TRPL). Decay 
time of the charge carriers in the (040) facet engineered BiVO 4  fi lm was 
enhanced.  

Emission BiVO 4  
seed layer

BiVO 4  
plate fi lm

(040) facet engineered 
BiVO 4  fi lm

406 nm 49.52 ns 57.99 ns 64.88 ns

550 nm 31.64 ns 58.28 ns 69.62 ns

600 nm 40.45 ns 59.03 ns 71.41 ns
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  4.     Experimental Section 
  Methods : The synthetic procedure for the (040)-crystal facet 

engineered BiVO 4  photoanode ((040)-BVO) was modifi ed from that 
reported by Li and co-workers. [ 11 ]  For the BiVO 4  seed layer on the 
FTO (TEC-8, 6–9 Ω sq −1 , 2.0 cm × 2.0 cm) substrate, Bi(NO 3 ) 3 ·5H 2 O 
(5 mmol, 2.4254 g, Sigma-Aldrich 98%), NH 4 VO 3  (5 mmol, 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% HNO 3  aqueous solution (v/v of 60% HNO 3  and distilled water, 
0.63/1) and stirred for 30 min. The transparent blue colored solution 
was placed into acetic acid (3.75 mL) with polyvinyl alcohol (PVA, 1.2 g, 
Aldrich, Mw 89 000–98 000, 99+% hydrolyzed) and stirred vigorously 
until the solution became transparent (i.e., approximately for 6 h). The 
solution was dropped and spin-coated on a clean FTO substrate at 
1000 rpm for 20 s and followed by heat treatment at 723 K for 4 h in air. 
For a typical synthetic procedure to prepare (040)-BVO, Bi(NO 3 ) 3 ·5H 2 O 
(4 mmol, 0.1164 g) and NH 4 VO 3  (4 mmol, 0.028 g) were dissolved in 
60 mL of a 2.0 M HNO 3  aqueous solution. 0.093 µmol of a titanium (III) 
chloride solution (TiCl 3  in 20–30 wt% HCl, Sigma-Aldrich, 0.12 mL) was 
added to the solution as a structure-directing agent (SDA). After the pH 
of the reaction solution was adjusted to 0.9 using an ammonia solution 
(NH 4 OH, JIN Chemical, 25–28 wt%), the solution was transferred to a 
Tefl on-lined autoclave (75 mL). The prefabricated BiVO 4  seed layer on 
the FTO substrate was immersed in the reaction solution and allowed 
to react at 180 °C for 12 h. The hydrothermally reacted substrate was 
heat treated at 773 K for 4 h. For manipulation of the exposed (040) 
facet area, the amount of TiCl 3  solution was varied from 0.24 to 0 mL. 
In particular, 0.6 mL of the TiCl 3  solution was used for PF-BVO, and 
0.12 mL of the TiCl 3  solution was used for (040)-BVO. 

  Materials Characterization :   The crystallographic information for 
the BiVO 4  photoanodes was obtained by X-ray diffraction (XRD, 
Rigaku miniFlex-II desktop X-ray diffractometer, Cu Kα radiation 
with  λ  = 0.154056 nm). The microscopic observation of the BiVO 4  
photoanodes was carried out using SEM (Hitachi S-4300 FE-SEM) 
equipped with Oxford JEM-2010 energy dispersive spectroscopy 
(EDS). The TEM image and SAED pattern were obtained using a JEOL 
transmission electron microscope (JEM 2100F) at an accelerating voltage 
of 200 keV. The optical properties including the band gap of BiVO 4  
were monitored and determined from diffuse refl ectance spectroscopy 
(DRS) using a Varian Cary 5000 UV–vis–NIR Spectrophotometer 
(Agilent Technologies), and the FTO glass was used as the reference to 
characterize the absorbance. 

  Photoelectrochemical Measurements :   The photoelectrochemical 
measurements of the BiVO 4  photoanodes as working electrodes 
in a conventional three-electrode system were performed using a 
PL-9 potentiostat. A 300 W Xe arc lamp was used for simulated solar 
illumination with an AM 1.5G fi lter (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 a NREL certifi ed reference cell 

(Photo Emission Tech., Inc.). The illumination was set as a backside 
illumination to the FTO surface. The illuminated area was 0.636 cm 2  of 
a circle with a diameter of 0.9 cm in 4 cm 2  of the BiVO 4  photoanodes. 
Using a Pt electrode and Ag/AgCl reference electrode in an aqueous 
Na 2 SO 4  solution (0.5 M, pH = 6.8), the  I – V  curves were plotted 
at a scan rate of 20 mV s −1  by sweeping the potential in the positive 
direction. The  I – t  curve was observed under constant bias. 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 [ 15,20,31 ] 

     

= + + 0.0591V pH

( = 0.1976Vvs NHE at 25 C)
RHE Ag/AgCl Ag/AgCl versus NHE

o

Ag/AgCl vs NHE
o

E E E

E

×
°

  
 where  E  RHE  is the potential versus RHE, 0.0 V versus RHE for water 
oxidation,  E  RHE  is the experimental potential measured versus the 
Ag/AgCl reference electrode, and  E  °  Ag/AgCl versus NHE  is the standard 
potential of the Ag/AgCl versus NHE (0.1976 V at 25 °C). The incident 
photon to current conversion effi ciency (IPCE) from 300 to 600 nm was 
determined with an applied potential of 0, 0.3, 0.6, and 1.0 V (vs Ag/
AgCl). An Oriel Cornerstone 130 monochromator was used to produce 
monochromatic light with an interval of 10 nm. The light harvesting 
effi ciency (LHE) at each wavelength was calculated from the absorbance 
using the following equation [ 15,20,31 ] 

 
LHE = 1 10 (A( ): absorbance at wave length )A( ) λ λ− λ−

   
   Based on LHE and IPCE, the absorbed photon-to-current effi ciency 

(APCE) was determined at each wavelength using the following 
equation [ 15,20,31 ] 

 APCE(%) = IPCE(%)/LHE    

   From the  I – V  curve, the applied bias photon-to-current effi ciency 
(ABPE) was calculated using the following equation [ 15,20,31 ] 

 

ABPE (%)

mA
cm

1.23 V

mW
cm

100%
2 bias

in 2

J V

P

( )
( )
( )( )× −

×

   
    P  char  and  P  inj  were calculated by the rate of H O2J  and H O2 2J . The 

0.5 M of H 2 O 2  (Daejung Chemicals) was added into 0.5 M Na 2 SO 4  
electrolyte. [ 30 ]  

  Solar Light Fuel Production Measurements : The hydrogen and oxygen 
evolution experiments were carried out in an airtight continuous fl ow 
cell connected to an online GC system (Agilent 7890A) equipped with a 
pulsed discharged detector (PDD). A 30 mL PEC cell consisted of Nafi on 
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 Figure 5.    Time-resolved photoluminescence (TRPL). TRPL of the BiVO 4  seed layer (black), BiVO 4  plate fi lm (blue), and (040) facet engineered BiVO 4  
fi lm (red). Transient emission observed at a) 406 nm, b) 550 nm, and c) 600 nm at an excitation of 375 nm at room temperature. Based on a com-
parison, the decay time of the charge carriers for the (040) facet engineered BiVO 4  fi lm (red) was enhanced.
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117 proton transfer material between the BiVO 4  photoanode and Pt 
counter electrode. 1.13 cm 2  of illuminated area in the BiVO 4  photoanode 
and the Pt counter electrode was separately applied to 15 mL of 0.5 M 
Na 2 SO 4  aqueous solution with Ag/AgCl as a reference electrode. After 
He gas (99.9999%) was used at a fl ow rate 6 mL min −1  for 3 h to remove 
the air under dark conditions, the working electrode was illuminated 
under a continuous fl ow of He (6 mL min −1 ). The evolved gas was 
evaluated every hour for 12 h reaction at 0.6 V (vs Ag/AgCl). 

  Simultaneous X-Ray Absorption Analysis with PEC Analysis :   X-ray 
absorption analysis of the BiVO 4  photoanodes was carried out 
with the PEC measurement. The PEC cell was set according to the 
previously mentioned conditions. The local bonding structure of 
BiVO 4  in a 0.5 M Na 2 SO 4  (pH 6.8) electrolyte with a potentiostat 
(Ivium compactstat) was measured using X-ray Absorption Fine 
Structure (XAFS) with a synchrotron radiation beam at the Pohang 
Accelerator Laboratory (PAL) 10C beam line. Both dark conditions 
without external potential and 1 sun light illumination with 600 mV 
external potential versus Ag/AgCl reference electrode were employed. 
The measured XAFS data have been refi ned into X-ray absorption near 
edge spectra (XANES) and extended X-ray absorption fi ne structure 
(EXAFS), and fi tted by computational calculations using the IFEFFIT 
algorithm. 

  Computational Calculation :   The surface energy (γ ) was obtained 

using the following equation: γ  = / 2slab bulkE N
n

E A( )− , where slabE  is the 

total energy of the material that contains a surface in particular direction, 
bulkE  is for the total energy of the bulk structure,  N  is the total number of 

atoms in a unit cell,  n  is the total number of atoms in the bulk unit cell, 
and  A  is the area of the surface of the material. Schematic illustrations of 
the unit cell structures of the bulk and fi ve different surface geometries, 
such as BiVO 4  (004), BiVO 4  (110), BiVO 4  (011), BiVO 4  (121), and 
BiVO 4  (010) systems, have been provided. It is important to note that 
the red, blue, and gray balls represent O, Bi, and V atoms, respectively. 
After cleaving the bulk material in each surface direction, the unit cell 
contained 72 atoms, and the bulk BiVO 4  contained 24 atoms in the 
monoclinic unit cell. Each system has an oxygen-terminated surface, 
and the stoichiometric ratio was maintained. Because the BiVO 4  has 
a monoclinic structure in the bulk, each system has different lattice 
parameters after cleaving from the bulk. The total energy calculation was 
performed using the Vienna ab initio simulation package (VASP) with an 
energy cut-off of 500 eV for each system. For the exchange correlation 
function, the generalized gradient approximation (GGA) method was 
employed. In addition, structure optimization using energy and force 
minimization procedures was performed. It is necessary to impose 
periodic boundaries in our density functional theory based calculations. 
Therefore, a vacuum distance was applied to avoid artifi cial surface 
interaction with neighboring unit cells along the  c -direction. Here, the 
vacuum distance was assumed to be 15 Å. We have employed 14 × 7 × 4 
Monkhorst–Pack k-mesh for bulk and 15 × 15 × 1 scheme for the 
cleaved systems, except for the BiVO 4  (004) system. For the BiVO 4  (004) 
confi guration, we employed a 15 × 9 × 1 Monkhorst–Pack k-mesh. 

  Time Resolved Photoluminescence Measurement :   An inverted-type 
scanning confocal microscope (Picoquant Micro- Time-200, KBSI, Daegu 
center) was employed to obtain the time-resolved photoluminescence 
(TRPL) of the BiVO 4  photoanodes. 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 µW was 
used. The emissions from the BiVO 4  photoanodes were collected with 
a dichroic mirror (AHF Z375RDC), a long-pass fi lter (AHF HQ405lp), 
a 50 µm pinhole, and a single-photon avalanche diode (SPAD) after 
passing the neutral density fi lter, in which the photon counting rate 
was maintained at approximately 1% of the excitation rate. The data 
acquisition was based on a time correlated single photon counting 
technique. The measured TRPL data were presented 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 fi ve 
or more BiVO 4  photoanodes. The data were fi ltered in three wavelength 

ranges as follows: (i) 405 ± 10 nm, (ii) 550 ± 10 nm, and (iii) 600 ± 10 nm. 
The three emission ranges represent (i), (ii), and (iii), respectively.  
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