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ABSTRACT: BiVO4 has been formed into heterojunctions
with other metal oxide semiconductors to increase the
efficiency for solar water oxidation. Here, we suggest that
heterojunction photoanodes of Si and BiVO4 can also increase
the efficiency of charge separation and reduce the onset
potential of the photocurrent by utilizing the high conduction
band edge potential of Si in a dual-absorber system. We found
that a thin TiO2 interlayer is required in this structure to realize
the suggested photocurrent density enhancement and shifts in
onset potential. Si/TiO2/BiVO4 photoanodes showed 1.0 mA/
cm2 at 1.23 V versus the reversible hydrogen electrode (RHE)
with 0.11 V (vs RHE) of onset potential, which were a 3.3-fold
photocurrent density enhancement and a negative shift in onset potential of 300 mV compared to the performance of FTO/
BiVO4 photoanodes.
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1. INTRODUCTION

In recent decades, photoelectrochemical (PEC) water splitting
has been highlighted as an approach to the development of
renewable energy resources,1−3 because PEC cells can convert
solar energy to chemical energy and store it in the form of
hydrogen, a promising future fuel. In a PEC cell, semiconductor
photoelectrodes absorb light and generate excited charge
carriers (electrons and holes) to accomplish thermodynamically
uphill reactions. Therefore, the development of photocatalytic
semiconductor materials is critical to the achievement of high-
conversion efficiency of solar power to fuel. Various metal oxide
semiconductors, such as TiO2, WO3, Fe2O3, and BiVO4, have
been studied for water splitting applications,4−7 because oxide
materials have shown excellent stability compared to that of
nitrides8 or sulfides9 when used as photoanodes.
Significant progress has been made with BiVO4 as one of the

most attractive photoanode candidates10−12 because of its
visible light absorption capability (Eg = 2.4−2.5 eV) and
relatively high conduction band (CB) edge position. In the case
of typical metal oxides, O 2p orbitals dominate the composition
of the valence band (VB), located around 3.0 V versus a
reversible hydrogen electrode (RHE), which leads to a
significant energy loss. Furthermore, the CB edges of metal
oxides are mainly composed of the transition metal’s d orbitals.
Therefore, when their band gaps are decreased to the region of

visible light, their CB edges move toward a level lower than the
hydrogen reduction potential. Unlike other metal oxides, the
VB of monoclinic BiVO4 is composed of both O 2p and Bi 6s
orbitals, which can both boost the VB edge to around 2.4 V
versus RHE and maintain the CB edge level close to the
hydrogen reduction potential.
Recently, photocurrent densities of BiVO4 photoanodes have

increased from tens of μA/cm2 in early stages13 to >3 mA/cm2

through strategies such as doping,11,14 nanomaterial synthesis,15

and heterojunction formation.16 In addition, the overpotential
for water oxidation was significantly reduced on the surface of
BiVO4 with the loading of oxygen evolution reaction (OER)
cocatalysts such as Co-Pi,17 FeOOH,18 and NiOOH.7

However, BiVO4 still requires an external bias potential for
the overall water splitting in two-electrode PEC cells, which
decreases the conversion efficiency of solar energy to hydrogen.
For example, our previous work15 demonstrated that a WO3/
BiVO4 heterojunction structure could enhance the photo-
current density to 3.3 mA/cm2 at 1.23 V versus RHE, but no
photocurrent was obtained until a potential of 0.5 V versus the
counter electrode (Pt) was applied, which implies that more
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than 0.5 V of external bias potential was required to initiate
overall water splitting. Therefore, the development of strategies
to shift the onset potentials of the photocurrent toward the
cathodic potential is as important as that to increase the
photocurrent density to achieve highly efficient PEC systems
with BiVO4-based photoanodes.
In PEC cells, n/n heterojunction photoanodes composed of

two n-type semiconductors, such as n-Si/n-TiO2
19 or n-Si/n-

Fe2O3,
20,21 have been demonstrated to increase the photo-

current density and to shift the onset potential of the
photocurrent as a type of dual-absorber system. The more
negative CB edge potential of Si, compared to that of TiO2 or
Fe2O3, can give higher energetics for the reduction of electrons
on the counter electrode, and the charge separation efficiency
can be enhanced in the metal oxide semiconductor. The
photovoltages of these n/n heterojunctions are increased by the
photovoltage generated at the semiconductor interface under
illumination, which can contribute to the cathodic shift of the
onset potential. This enhanced photoanodic activity is expected
with n-Si and BiVO4 heterojunctions, as well, but this behavior
has not yet been observed.
Here, we demonstrate that the photoanodic performance of

BiVO4 can be improved by combining it with n-Si. To protect
the Si surface from oxidation,22 a thin layer of TiO2 was
introduced between the Si and BiVO4 layers, and the influence
of the interfacial TiO2 thickness on the photoanodic perform-
ance was studied. Previously, BiVO4 has been combined with
various metal oxides to form WO3/BiVO4,

23,24 ZnO/BiVO4,
25

and TiO2/BiVO4
26 heterojunctions, in which improved photo-

current density was achieved as a consequence of the facile
electron transfer from the CB of BiVO4 to the CB of the other
metal oxides. For the electron transfer from BiVO4 to the other
semiconductor, the Fermi levels of WO3, ZnO, or TiO2 are
more positive than that of BiVO4 (Scheme 1), but the positive
Fermi level of WO3 is inferior for spontaneous water splitting
applications because the thermodynamic limit of the onset
potential is shifted anodically in these heterojunctions, which
requires more bias potential. However, a different charge
separation mechanism through carrier recombination (Scheme
1a) is suggested in the Si/TiO2/BiVO4 heterojunction because
of the more negative CB potential of n-Si. As a dual-light

absorber system, both Si and BiVO4 absorb the illuminated
light to generate electrons and holes in respective layers.
Scheme 1a suggests that photogenerated holes in Si and
electrons in BiVO4 are recombined; holes in BiVO4 are used for
water oxidation, while electrons in the Si layer are transferred to
the counter electrode through the circuit for hydrogen
evolution. With Si/TiO2/BiVO4 photoanodes, we demonstrate
that they can decrease the onset potential of the photocurrent
and increase the charge separation efficiency.

2. EXPERIMENTAL SECTION
2.1. Photoanode Preparation. n-Si(100) (phosphorus-doped,

0.3−0.6 Ω cm) and fluoride-doped tin oxide (FTO) glass (8 Ω,
Pilkington) were cleaned in a 1:1 (v/v) mixture of 2-propanol and
acetone by sonication for 10 min and rinsed with deionized (DI)
water. To deposit a thin film of TiO2 by atomic layer deposition
(ALD) (Forall company), the cleaned Si and FTO substrates were
placed on the hot plate of the ALD chamber, at 250 °C. Titanium(IV)
isopropoxide (TTIP) (Sigma-Aldrich, 99.999%) and DI H2O were
used as precursors for Ti and O, respectively. A container of TTIP was
heated at 50 °C. The precursor molecules were alternately introduced
to the reaction chamber with Ar as a carrier gas, and an Ar purge was
applied between each chemical pulse. The thickness of the TiO2 thin
film was controlled by varying the number of chemical pulse cycles
(35, 105, 525, or 1050 cycles). BiVO4 was deposited on various
substrates (bare Si, TiO2-deposited Si, bare FTO, and TiO2-deposited
FTO) following the same metal−organic decomposition method. The
metal−organic precursor solution was prepared by dissolving 0.865 g
of Bi(NO3)3·5H2O (≥98%, Sigma-Aldrich) and 0.475 g of vanadyl
acetylacetonate [VO(acac)2] (98%, Sigma-Aldrich) in 25 mL of a
1:7.33 (v/v) solvent mixture of CH3COOH (acetic acid) (≥99.7%,
Sigma-Aldrich) and C5H8O2 (acetylacetone) (≥99%, Sigma-Aldrich).
The precursor solution was spin-coated at 2000 rpm for 30 s, followed
by thermal treatment on a hot plate at 500 °C for 10 min. This spin-
coating and thermal treatment cycle was repeated six times. A cobalt
phosphate (Co-Pi) catalyst was loaded on the BiVO4 layer by a
modified previously published method.27 An electrodeposition method
was applied in a buffer solution of 0.5 mM CoCl2·6H2O (98%, Sigma-
Aldrich) and 0.1 M potassium phosphate (pH 7.0) with an applied
potential of 1.1 V versus Ag/AgCl. The deposition time was set at 2
and 4 min for Si/TiO2/BiVO4 and FTO/BiVO4 photoanodes,
respectively.

2.2. Photoelectrochemical Measurement. Photocurrents and
photovoltages of the prepared photoanode samples were measured by

Scheme 1. Diagram of Charge Flows with (a) a Si/TiO2/BiVO4 Photoanode and (b) a WO3/BiVO4 Photoanode, Showing the
Different Charge Separation Processes Depending on the Relative CB Potentials in the Heterojunctions
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a potentiostat (Ivium Technologies) in a 0.1 M potassium phosphate
aqueous electrolyte (pH 7.0), employing a three-electrode config-
uration with a photoanode working electrode, a Pt counter electrode,
and a Ag/AgCl reference electrode. For the ohmic contact with Si
substrate-based photoanodes (i.e., Si, Si/BiVO4, and Si/TiO2/BiVO4

photoanodes), the back side of the Si wafer was scratched, and an In/
Ga eutectic alloy (Sigma-Aldrich) was added. Then, Cu wire was
connected to the back side of the Si substrate by using a silver paste,
and electrical insulating epoxy sealed the contact. The electrode areas
were controlled to have 0.2−0.5 cm2.
Photoanodic performances of the samples were measured by linear

sweep voltammetry, which was scanned from the cathodic to anodic
potential direction with a scan rate of 10 mV s−1. All measured
potential values were converted relative to RHE using E (vs RHE) = E
(vs Ag/AgCl) + 0.209 + 0.059 V × pH. Simulated solar light was
produced by a solar simulator (ABET, Sun 2000) equipped with a 300
W Xe lamp and air mass (AM) 1.5 filter, and the input power intensity
(1 sun condition = 100 mW cm−2) was confirmed by a reference
silicon solar cell. To investigate the PEC performance of the sample
photoanodes without the effect of water oxidation kinetics, 1.0 M
Na2SO3 was added to the electrolyte to introduce hole scavengers.
The incident photon-to-electron conversion efficiency (IPCE) was

measured at 1.23 V versus RHE. A water IR filter equipped with a
1000 W Xe lamp (Newport) was coupled with a motorized
monochromator (Newport, Cornerstone 130) to monitor the incident

light, whose intensity at each wavelength was measured with a
calibrated Si photodiode. The IPCE was calculated using the following
equation

λ
=

×

×
×

−

−

I

P
IPCE (%)

(mA cm ) 1239.8 (V nm)

(mW cm ) (nm)
100ph

2

mono
2 (1)

where Iph is the measured photocurrent density, λ is the wavelength of
the incident light, and Pmono is the power intensity of the incident light
at each wavelength. The measured IPCE data were validated by
comparing the integrated photocurrent based on the IPCE data with
the photocurrent under the simulated sunlight condition, which
matched with <5% deviation.

2.3. Characterizations. Top-view and cross-sectional images of
FTO/BiVO4, Si/BiVO4, and Si/TiO2/BiVO4 were taken by scanning
electron microscopy (SEM) (FEI, Inspect F50), and transmission
electron microscopy (TEM) (FEI, Technai) was used to characterize
the thickness and crystal structure of the TiO2 layer. UV−vis
spectrometry (Varian, Cary 100) was employed to analyze the
absorbance of FTO/BiVO4 and FTO/TiO2/BiVO4. X-ray diffraction
(XRD) (Bruker Advance GADDs) was used to characterize the crystal
structure of Si/BiVO4 and Si/TiO2/BiVO4.

Figure 1. SEM images of (a) Si/BiVO4, (b) Si/TiO2(105)/BiVO4, (c) Si/TiO2(525)/BiVO4, and (d) FTO/BiVO4. The numbers in parentheses
indicate the number of layers of TiO2 deposited by ALD. Insets show the corresponding cross-sectional images, showing the average thickness of the
BiVO4 layer to be 150−200 nm.
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3. RESULTS AND DISCUSSION

The SEM images of the heterojunction films showed the
nanostructure of the BiVO4 layer on bare Si substrate (Figure
1a). The bright and dark regions in Figure 1a indicate the
deposition of BiVO4 and bare Si surface (no or little deposition
of BiVO4), respectively. The thickness of the BiVO4 film was
approximately 150−200 nm on average, according to the cross-
sectional SEM image, but some parts were thinner than 50 nm.
If bare Si is exposed to an aqueous electrolyte, Si is easily
oxidized under an anodic potential prior to the oxidation of the
water, and the resulting silicon oxide layer can prohibit efficient
charge transfer between Si and BiVO4 or Si and the electrolyte.
We observed a fast decrease in the photoanodic current and
oxidation of Si when BiVO4 was applied directly to a bare Si
substrate (Figure S1 of the Supporting Information), which
could be caused by the penetration of the electrolyte through
the porous BiVO4 layer. To protect the bottom layer of Si,
therefore, a thin film of TiO2 was introduced by ALD onto the
Si substrate, followed by BiVO4 deposition. Thin films of ALD
TiO2 have been applied previously to protect the bottom of
unstable photoelectrode materials from corrosion in PEC water
splitting applications.19,28,29

The morphologies and photoanodic activities of the
heterojunction photoanodes were studied by changing the
thickness of the TiO2 film, controlled by the number of ALD
cycles (35, 105, 525, or 1050). When 35 cycles of ALD TiO2
were deposited on the Si substrate [Si/TiO2(35)], the
morphology of the BiVO4 film [Si/TiO2(35)/BiVO4] was not
significantly changed compared to that of Si/BiVO4 (Figure
1a). When the number of ALD cycles increased to 105 and
beyond, compact BiVO4 films (Figure 1b,c) were obtained.
Lastly, Figure 1d shows the BiVO4 films coated on the FTO
substrate (FTO/BiVO4). Although small variations in the
morphology of the porous BiVO4 film on the various substrates
were observed in the top-down SEM images, the cross-sectional
SEM images confirmed that the average thickness of the spin-
coated BiVO4 layer remained within the range of 150−200 nm,
regardless of the types of the bottom substrates.
Material characterization was further conducted by collecting

XRD patterns, which showed that all of the deposited BiVO4
films on Si or Si/TiO2 substrates had a monoclinic crystal
structure (Figure 2), the same as that coated on the FTO
substrate.27 Most of the XRD intensity peaks were assigned to
BiVO4, and the Si peaks from the bottom substrate either
overlapped with BiVO4 peaks or were too small to be
distinguished from them. The only difference between the
XRD analysis of the Si/BiVO4 and Si/TiO2/BiVO4 samples was
the evolution of a small peak at 2θ = 25.35°, which was
observed when the number of ALD TiO2 cycles exceeded 525
(Figure 2e,f). This peak is associated with the (101) plane of
TiO2’s anatase structure, the strongest major peak from powder
diffraction. TiO2 films thinner than those produced by 525
ALD cycles did not show any crystalline TiO2 patterns in XRD
analysis, meaning that the films were either amorphous or too
thin to be detected by XRD. XRD patterns of the as-prepared
Si/TiO2 films without BiVO4 layer deposition were also
measured (Figure S2 of the Supporting Information), and the
same peak at 2θ = 25.35° was obtained with only Si/TiO2(525)
and Si/TiO2(1050).
To further characterize the crystal structure and the interface

of Si/TiO2/BiVO4 heterojunction, high-resolution transmission
electron microscope (HRTEM) images were taken (Figure 3).

HRTEM imaging revealed that all of the ALD TiO2 layers had
polycrystalline structures for Si/TiO2(35)/BiVO4, Si/
TiO2(105)/BiVO4, and Si/TiO2(525)/BiVO4, and their
longest d spacing was 3.52 Å, which matches with that of
anatase TiO2 (101) planes. The average film thickness of ALD
TiO2 was 4−5 nm for 35 cycles, 8−9 nm for 105 cycles, and
20−25 nm for 525 cycles, showing a growth rate of 0.4−0.45
Å/cycle. Lattice fringes from the Si and BiVO4 layers also
confirmed the diamond structure of Si and monoclinic structure
of BiVO4, consistent with the XRD patterns shown in Figure 2.
The BiVO4 layer covered the crystalline TiO2 film well without
any observable extra interlayers, while a thin amorphous layer
of ∼2 nm was observed between Si and TiO2. The amorphous
layer was associated with native silicon oxide (SiO2) and/or
partially mixed oxides of Si and Ti. ALD TiO2 was deposited on
the bare Si (100) substrate without etching of the native silicon
oxide layer, which has a typical thickness of 1.2−3.0 nm, to aid
in the conformal and pinhole-free deposition of TiO2. This thin
amorphous layer may reduce the lattice mismatch strain
between the crystalline Si and TiO2, and it was found to be
thin enough to permit facile electron tunneling in the
photoanodic application.29

To examine the photoanodic properties of the Si/BiVO4
heterojunction films and the influence of the thickness of the
TiO2 protecting layer on the photocatalytic activities of the
films, linear sweep voltammetry (LSV) (Figure 4a) and
photocurrent densities at 1.23 V versus RHE (Figure 4b) of
the heterojunction films were compared with those of the
FTO/BiVO4 electrode under sunlight-simulated conditions.
Enhanced photoanodic activities were obtained with samples in
which the ALD TiO2 layer had been deposited for more than
105 cycles, and the highest photocurrent density improvement
was achieved with 525 cycles of ALD TiO2. The enhancement
in the photocurrent density was outstanding when the applied
potential was low (specifically in the region of 0.4−1.0 V vs
RHE), and thus, the decrease in the onset potential of the
photocurrent was obviously observed.
Generally, when the applied potential is close to the flat band

potential of the semiconductor electrode, the decreased level of
band bending at the semiconductor/electrolyte interface
exacerbates recombination loss, and the photocurrent drops
to zero with the loss of the driving force to separate

Figure 2. X-ray diffraction patterns of (a) Si/BiVO4, (b) Si/TiO2(35)/
BiVO4, (c) Si/TiO2(105)/BiVO4, (d) Si/TiO2(245)/BiVO4, (e) Si/
TiO2(525)/BiVO4, and (f) Si/TiO2(1050)/BiVO4, showing the
observation of the TiO2 anatase (101) peak when the number of
ALD cycles (indicated in parentheses) was larger than 525.
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photogenerated charges in the photoanodic electrode. There-
fore, the enhanced photocurrent density and lowered onset
potential observed with the Si/TiO2/BiVO4 films are consistent
with the idea that charge separation in the BiVO4 layer is
improved by the addition of the heterojunction, as suggested in
Scheme 1a. Recombination between the photogenerated
electrons in BiVO4 and holes in Si results in charge separation
of residual electrons and holes in the Si and BiVO4 layers,
respectively. Such charge separation is desirable for overall
water splitting, in which water oxidation occurs on the BiVO4

surface and hydrogen generation occurs on the counter
electrode. The electrons in the Si CB can have higher

energetics to reduce hydrogen at the Pt counter electrode
because the more negative CB potential of Si compared to that
of BiVO4 results in a cathodical shift of onset potential for
water oxidation with Si/TiO2/BiVO4 heterojunction films.
In contrast, the photocurrent densities of Si/BiVO4 and Si/

TiO2(35)/BiVO4 heterojunction films were much lower than
that of FTO/BiVO4. This is because the porous nature of
BiVO4 layer cannot protect the bottom Si layer from oxidation,
which causes poor heterojunction formation and a significant
decrease in the photocurrent density. This result indicates that
a certain thickness of an ALD TiO2 film is critical for taking

Figure 3. HRTEM images of (a) Si/TiO2(105)/BiVO4, (b) Si/TiO2(245)/BiVO4, and (c) Si/TiO2(525)/BiVO4, showing the interfacial TiO2 ALD
layer. The insets are the magnified images and FFT patterns of the selected areas, indicating the crystal structure of the anatase TiO2 interlayer.

Figure 4. (a) LSV of various photoanodes measured in a phosphate buffer solution under simulated sunlight (100 mW/cm2). (b) Dependence of
photocurrent density on the number of ALD TiO2 cycles. (c) IPCE of various photoanodes. (d) UV−vis absorption spectra of FTO, FTO/TiO2,
and TiO2/BiVO4 film showing BiVO4 is a visible light absorber with an Eg of 2.5 eV.
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advantage of the heterojunction effect probably because of the
instability of the Si surface for anodic use in PEC cells.
The photocurrent dependence on the thickness of ALD TiO2

shows that there are optimal ranges of ALD TiO2 cycles
(Figure 4b). The highest photocurrent density at 1.23 V versus
RHE was obtained with 525 cycles, where more than 3 times
the photocurrent enhancement was achieved compared to that
of the FTO/BiVO4 film. It is expected that a thick layer of TiO2
would be harmful to the series conductivity of the anode film
because of the poor electrical conductivity of TiO2, and it can
also compete for light absorption with the BiVO4 layer in the
UV region. Therefore, it is reasonable that an optimal thickness
of the TiO2 layer was observed.
IPCE measurement showed substantial improvements in the

quantum efficiency in the visible region where BiVO4 absorbs
(Figure 4c). The IPCE values were almost zero where the
incident wavelength (λ) was longer than 530 nm for all
photoanodes. The improvement in the visible region (λ < 500
nm) confirmed that the heterojunction contributes to the
charge separation in the BiVO4 layer, resulting in the increased
photocurrent density as the suggested charge flows in Scheme
1a. Meanwhile, the IPCE value rather decreased in the UV
region with Si/TiO2/BiVO4, probably because the light
absorption of BiVO4 competes with that of Si or TiO2. In a
dual-absorber system, both BiVO4 and Si should be excited to
complete the charge flows and increase the charge separation
efficiency. However, the upper BiVO4 layers would absorb
strongly in the UV region, and the photons are less likely to

excite Si, which can cause decrease in IPCE under UV
irradiation.21 A decrease in IPCE under regions of shorter
wavelength was also observed when the electron transport in
the photoanode was poor.30 The interlayer TiO2 film can
increase the series resistance within the Si/TiO2/BiVO4
heterojunction, which may also contribute to the loss of the
quantum efficiency in short-wavelength regions.
The IPCE results were compared with the UV−vis

absorbance spectra of TiO2/BiVO4 films. The UV−vis
absorbance of Si/TiO2/BiVO4 could not be measured because
the 500 μm thick Si substrate was too thick and opaque.
Instead, we measured the UV−vis absorbance of TiO2(525)/
BiVO4 on the transparent FTO substrate (Figure 4d), which
showed that the absorption edge (λ = 530 nm) of the prepared
BiVO4 layer was well matched with the tail of the IPCE
measurement. In addition, an IPCE value of zero for λ > 530
nm implies that the light absorption solely by Si cannot
contribute to the photo-oxidation current of Si/TiO2/BiVO4
photoanodes, and absorption by Si (Eg = 1.1 eV) in the long-
wavelength region cannot be utilized for the photoanodic water
oxidation reaction because of thermodynamically forbidden
hole transfer from Si to BiVO4. The VB edge of the Si is located
at a potential more positive than that of TiO2 or that of BiVO4,
which blocks the thermodynamic flow of the holes. IPCE values
approaching zero in this range confirmed that the charge
carriers flowing in the Si/TiO2/BiVO4 junction were different
from those in other heterojunctions such as WO3/BiVO4,
TiO2/BiVO4, and ZnO/BiVO4, where it was suggested that the

Figure 5. (a) Photocurrent density of FTO/BiVO4 and Si/TiO2(525)/BiVO4 photoanodes with and without Co-Pi deposition in a phosphate-
buffered electrolyte (pH 7.0), except the dashed red line for Si/TiO2(525)/BiVO4 was measured in 1.0 M Na2SO3/phosphate-buffered electrolyte.
(b) Open circuit potentials of photoanodes measured in darkness and under simulated sunlight and open circuit potentials of Si/TiO2/BiVO4
measured under (c) λ = 450 nm and (d) λ = 650 nm. The inset in panel d is a schematic diagram showing the band bending of Si and BiVO4.
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holes were transferred from the bottom metal oxide layer to the
top BiVO4 layer, and electrons were transferred in the opposite
direction. In short, the light absorption by the bottom Si
substrate contributes to the cathodic shift of the onset potential
and enhanced charge separation in BiVO4.
Next, OER catalysts were deposited on the BiVO4 surface,

and sulfite oxidation was performed with the Si/TiO2(525)/
BiVO4 photoanode to reduce the hole transfer loss across the
electrolyte (Figure 5a) to examine the PEC properties further.
The photocurrent density and its onset potential can be
significantly influenced by poor catalytic kinetics on the BiVO4
surface. Sulfite oxidation with the heterojunction film showed
that the photocurrent density was substantially improved and
the onset potential of the photocurrent was decreased to as low
as 0.1 V versus RHE because of the fast oxidation kinetics.
Similarly, a low onset potential was obtained with the Si/TiO2/
BiVO4 photoanode after Co-Pi OER decoration, although the
photocurrent density was lower than that during sulfite
oxidation. The lower photocurrent density was attributed to
the overpotential of Co-Pi OER on the BiVO4 layer for water
oxidation, and the photocurrent density may improve further
with the development of excellent OER catalysts.
The measured onset potential (0.1 V vs RHE) of the Si/

TiO2/BiVO4/Co-Pi photoanode was almost 300 mV more
cathodic than that of the FTO/BiVO4 photoanode with Co-Pi
OER catalysts in our study, showing that a similar amount of
cathodic shift was obtained both with and without Co-Pi
decoration. However, the enhancement of the photocurrent
with the Si/TiO2/BiVO4 film was not significant in the high-
bias potential region after Co-Pi deposition. In the case of Co-
Pi-deposited photoanodes, Co-Pi can facilitate hole transfer
from the BiVO4 surface to the electrolyte by reducing the
required overpotential for water oxidation, and removal of holes
from the BiVO4 layer can increase the charge separation
efficiency, as well. Therefore, a Co-Pi-deposited heterojunction
film would give only less enhancement of charge separation
efficiency compared to the photoanodes without Co-Pi OER
because Co-Pi already contributes to charge separation in
BiVO4 beyond the heterojunction. In addition, the steepness
difference in I−V curves may come from the large series
resistance of the Si/TiO2/BiVO4 photoanode probably because
of the poor electrical conductivity of interface TiO2 thin film.
For a similar reason, the photocurrent density in the sulfite
oxidation electrolyte showed a less steep current increase with
the Si/TiO2/BiVO4 photoanode under high anodic potential,
while the onset potential of the photocurrents was more
cathodic.
To support the suggested charge separation mechanism

within the heterojunction films, open circuit potentials (Voc)
were measured both in darkness and under illumination to
examine the band bending direction of Si and BiVO4,
respectively (Figure 5b−d). Voc of the FTO/BiVO4 (0.51 V
vs RHE), Si/BiVO4 (0.33 V vs RHE), and Si/TiO2(525)/
BiVO4 (0.11 V vs RHE) photoanodes commonly showed a
cathodic shift under 1 Sun condition compared to that in dark,
which displays downward band bending due to Schottky barrier
formation at the interface between the semiconductor and the
electrolyte. The more cathodic value of Voc for Si/TiO2/BiVO4
under illumination compared to that of FTO/BiVO4 is
consistent with LSV measurement results showing lower
onset potentials of the heterojunction films.
In addition, the changes in Voc with the Si/TiO2(525)/

BiVO4 film were monitored in the dark and under illumination

with monochromatic incident light at both λ = 450 nm (Figure
5c) and 650 nm (Figure 5d). Both Si and BiVO4 can absorb
light at λ = 450 nm, while only Si can be excited at λ = 650 nm
because of its smaller band gap. Figure 5d clearly shows that the
Voc also shifted cathodically when only Si was excited by the
incident light at λ = 650 nm. This cathodic Voc shift implies that
the Fermi level of Si moves upward under illumination and thus
implies the band bending at the Si side is downward in
darkness, as shown in the inset of Figure 5d. This Schottky
barrier formation in Si/TiO2/BiVO4 can assist hole transfer
from Si to BiVO4 and electron transfer from BiVO4 to Si for the
charge recombination at the interface, considering TiO2 as a
thin tunneling layer (see Scheme 1a). It is also possible that
high-energy electrons in the CB of BiVO4 are transported to
TiO2 and finally reach the Si layer.31,32 As shown in Scheme 1a,
the suggested charge flow can help charge separation within
BiVO4 for the enhancement of photocurrent density and the
shift of onset potential with a higher potential of electrons in
the conduction band of Si.
Lastly, the two-electrode measurement (Figure S3 of the

Supporting Information) was performed with the best perform-
ing photoanode. A Si/TiO2(525)/BiVO4/Co-Pi photoanode
was a working electrode, and a Pt counter electrode was used.
In the two-electrode configuration, the onset potential of
photocurrents was measured as 0.1 V versus Pt, which was a
smaller bias potential compared to the onset potential of the
WO3/BiVO4 heterojunction, reported to have a 0.5 V versus Pt
onset potential in the previous study.15 Moreover, 0.37% of
solar-to-hydrogen efficiency was obtained when 0.65 V was
applied versus a Pt counter electrode.
The suggested n/n junctions successfully demonstrated the

cathodic shift of the photocurrent onset voltage, as well as
enhanced charge separation for feasible overall water splitting,
although the photocurrent density must be improved further.
The photocurrent density is expected to be improved by
optimizing the morphology of the heterojunction film,
developing BiVO4 or interface TiO2 deposition condition,
OER catalyst development, etc. In addition, this study also
represents the importance of the TiO2 interlayer for the direct
combination of BiVO4 on the Si surface, which can be
applicable to the Si solar cell/BiVO4 PEC hybrid system.

4. CONCLUSIONS

Si/TiO2/BiVO4 heterojunction photoanodes were prepared to
improve the charge separation in the BiVO4 layer and shift the
onset potential of the photocurrent in the cathodic potential
direction for water oxidation applications. The thickness of an
interlayer ALD TiO2 thin film was optimized to protect Si from
oxidation and to help charge recombination between Si and
BiVO4. With the assistance of the charge separation in the
heterojunction films, Si/TiO2/BiVO4 photoanodes showed 3.3-
fold enhanced photocurrent density at 1.23 V versus RHE. In
addition, its onset potential for the photocurrent shifted
negatively by 300 mV compared to that of the FTO/BiVO4

photoanode. Further enhancement of the photoanode activities
can be expected via improvement of the interlayer conditions as
well as developing cocatalysts. This study suggests that
heterojunctions of Si and BiVO4 can reduce the necessary
applied potential for efficient overall solar water splitting.
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