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ABSTRACT: Recent progress on bismuth vanadate (BiVO4) has shown it to be among
the highest performing metal oxide photoanode materials. However, further
improvement, especially in the form of thin film photoelectrodes, is hampered by its
poor charge carrier transport and its relatively wide bandgap. Here, sulfur incorporation
is used to address these limitations. A maximum bandgap decrease of ∼0.3 eV is
obtained, which increases the theoretical maximum solar-to-hydrogen efficiency from 9
to 12%. Hard X-ray photoelectron spectroscopy measurements as well as density
functional theory calculations show that the main reason for the bandgap decrease is an
upward shift of the valence band maximum. Time-resolved microwave conductivity
measurements reveal a ∼3 times higher charge carrier mobility compared to unmodified
BiVO4, resulting in a ∼70% increase in the carrier diffusion length. This work
demonstrates that sulfur incorporation can be a promising and practical method to
improve the performance of wide-bandgap metal oxide photoelectrodes.

1. INTRODUCTION
Photoelectrochemical (PEC) water splitting is a renewable
pathway to store energy from sunlight in the form of hydrogen
and oxygen. The process utilizes a semiconductor photo-
electrode immersed in an electrolyte to absorb sunlight,
separate electrons and holes, and promote the water oxidation
or reduction reaction at its surface.1 While one can also achieve
this by combining a commercial photovoltaic cell and an
electrolyzer (PV−E), the PEC route offers additional
advantages.2 First, the operating current density of PEC
systems is 10−100× lower than that of PV−E, which relaxes
the demands on the hydrogen and oxygen evolution catalysts.
Additionally, due to the integration of light absorption and
electrochemistry, PEC systems are able to take advantage of
the solar heat in order to enhance the electrochemical reaction
kinetics and thereby improve the overall efficiency.2

Metal oxides are attractive as photoelectrodes due to their
relative stability in aqueous solutions, low cost, and non-
toxicity.3−5 Among the various metal oxides, bismuth vanadate
(BiVO4) is particularly interesting; it appears to be fairly
defect-tolerant and is currently the highest performing metal
oxide photoanode material.6−8 The highest reported photo-
current of BiVO4 is already within 90% of the maximum
theoretical photocurrent of 7.5 mA cm−2 (based on the
assumption that all AM1.5 photons with energy higher than
the bandgap of 2.4 eV are collected as photocurrent).9 This

record photocurrent was achieved by Pihosh et al. through
nanostructuring; a thin layer of BiVO4 was deposited on WO3
nanorods to form a guest−host nanostructured photoelectrode
and orthogonalize the optical absorption and charge transport
direction.10,11

Despite these encouraging results, two limitations remain for
BiVO4. First, high photocurrents (>5 mA cm−2) have only
been achieved with nanostructuring since the carrier transport
properties of BiVO4 are relatively poor (reported carrier
mobilities are in the range of 10−2−10−1 cm2 V−1 s−1).12

Nanostructuring, however, introduces extensive optical scatter-
ing, which adds additional complexities to the design of the
resulting solar water-splitting device.9,13 Second, the fact that
90% of the maximum theoretical photocurrent has already
been achieved suggests that the current performance is limited
by its relatively wide bandgap.6,14 To further increase the
photocurrent, the range of optical absorption of BiVO4 needs
to be extended by reducing its bandgap. Solving these two
limitations will allow further improvement of BiVO4 photo-
anodes.
One approach to address this limitation is by cation doping

like, e.g., substituting V with Sb or Bi with Mn or Fe.15−18
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Anion substitution is another possible way to simultaneously
address both poor charge carrier mobilities and bandgap
reduction in BiVO4. The valence band maxima of most metal
oxides, including BiVO4, are mainly composed of O 2p
orbitals. Anion substitution with elements having higher orbital
energies (e.g., sulfur) could potentially shift the valence band
maximum upward and decrease the bandgap. This modifica-
tion may also enhance the carrier transport properties. For
example, DFT calculations showed that sulfur incorporation in
α-Fe2O3 reduces the bandgap and increases the carrier mobility
due to a decrease in the carrier effective mass.19 Sulfur-doped
ZnO and WO3 also have superior photoelectrochemical (PEC)
performance as compared to the pristine material due to an
increase in their light-harvesting ability.20,21 Despite this
promise, reports on sulfur incorporation in BiVO4 are
limited.22,23 Previous work on powder-based photocatalysts
showed that incorporating sulfur into the BiVO4 lattice leads to
a slight decrease of its optical bandgap and an enhancement of
its activity toward methylene blue degradation. However, the
range of sulfur concentration in these studies was very limited,
and the nature of sulfur incorporation as well as the
improvement mechanism was not clear. To unravel the
interplay between the concentration of sulfur and the
structural, optical, and electronic properties of BiVO4 photo-
electrodes, systematic studies on thin film BiVO4 samples are
needed.
In this work, we successfully incorporated sulfur in BiVO4

thin films using a postannealing treatment in a sulfur-rich
atmosphere. By adjusting the sulfur partial pressure its
concentration in BiVO4 could be controlled, resulting in a
bandgap decrease of up to ∼0.3 eV. Hard X-ray photoelectron
spectroscopy (HAXPES) and DFT calculations show exper-
imentally and theoretically that this bandgap reduction is
caused by an upward shift of the valence band maximum,
therefore maintaining the favorable band alignment of BiVO4
with respect to the water oxidation and reduction potentials. At
the same time, the carrier mobility of the sulfur-incorporated
BiVO4 is increased by a factor of ∼3. This study demonstrates
the effectiveness of sulfur incorporation to address the
limitations of BiVO4 photoanodes.

2. RESULTS AND DISCUSSION
2.1. Optical and Structural Characterization. Spray-

deposited BiVO4 films were subjected to annealing at different
sulfur (S) partial pressures (see Experimental Section). Figure
1a shows a photograph of the films annealed at 350 °C for 2 h
at S partial pressures between 0 and 3 × 10−3 bar. The color of
the films clearly changes from yellow to dark brown with
increasing sulfur pressure. A similar color change was also
obtained when maintaining the same sulfur partial pressure but
increasing the annealing temperature (see Figure S1). Tauc
analysis was performed on films annealed at 350 °C in order to
determine the bandgap. The bandgap of BiVO4 is known to be
indirect,14 but the relatively large amount of scattering
prevented an indirect bandgap Tauc analysis. Since the direct
bandgap is only 0.2 eV larger than the indirect one due to the
modest dispersion of the BiVO4 bands, we used a direct
bandgap Tauc analysis (Figure S2). As shown in Figure 1b, the
direct bandgap decreases with increasing sulfur partial pressure
from 2.56 eV for the unmodified film to 2.32 eV for the film
annealed in sulfur partial pressure of 3 × 10−3 bar.
To confirm that the optical absorption change is indeed

caused by the presence of sulfur inside the BiVO4, bulk-

sensitive X-ray fluorescence (XRF) and surface-sensitive X-ray
photoelectron spectroscopy (XPS) measurements were
performed. XRF reveals that the sulfur-to-vanadium (S/V)
ratio increases from 0 in the control film to ∼1 in the film
annealed in 3 × 10−3 bar of sulfur partial pressure (Figure 2).

These values are compared with the S/V ratios obtained from
XPS (more detailed XPS analysis can be found later in the
manuscript). The S 2s peak was chosen to quantify the amount
of sulfur since the more common S 2p peaks overlap with the
more intense Bi 4f peaks. Figure 2 shows that the XPS values
are in very good agreement with the XRF results, suggesting
that the sulfur is homogeneously incorporated in the BiVO4
films (i.e., no bulk or surface segregation).
Figure 3a shows the X-ray diffractograms of the BiVO4 films

annealed at 350 °C and varying sulfur partial pressures. All

Figure 1. (a) Photograph of the sulfur-incorporated BiVO4 films on
quartz substrates annealed at 350 °C for 2 h at different sulfur partial
pressures. (b) The direct bandgap (Eg) of BiVO4 film decreases with
increasing sulfur partial pressure.

Figure 2. S/V atomic ratio in BiVO4 films as a function of the sulfur
partial pressure during postannealing, as obtained by X-ray
fluorescence (XRF) and X-ray photoelectron spectroscopy (XPS).

Chemistry of Materials Article

DOI: 10.1021/acs.chemmater.8b03859
Chem. Mater. 2018, 30, 8630−8638

8631



films show the monoclinic BiVO4 phase (clinobisvanite; space
group: I2/b; JCPDS card no. 14-0688), which is the most
photoactive phase,24 but at sulfur partial pressure of 10−3 bar
and above Bi2S3 starts to be formed. This is further confirmed
by Raman spectroscopy (Figure S3), which shows additional
peaks at wavenumbers of 183, 239, and 260 cm−1, all of which
can be assigned to Bi2S3.

25,26 The temperature and pressure
region in which Bi2S3 is formed is mapped in the pressure−
temperature phase diagram shown in Figure 3b. The color of
each point corresponds to the relative amount of Bi2S3, and the
gray line indicates the boundary (limited to the resolution of
our data points) at which phase segregation starts to occur.
Since phase segregation is undesirable in our study, further

analysis is limited to BiVO4 thin films that do not contain any
Bi2S3. In particular, we focus our study on BiVO4 films
annealed at 350 °C in a sulfur partial pressure of up to 3.5 ×
10−4 bar.
The oxidation state of sulfur within the BiVO4 lattice was

investigated using lab-based XPS. The S 2s spectra of the

BiVO4 film annealed at 350 °C and sulfur partial pressures of 0
and 3.5 × 10−4 bar are shown in Figure 4a. A clear peak at
232.4 eV can be observed in the sulfur-incorporated BiVO4,
while the control film shows no peak. This peak can be
attributed to the sulfur oxidation state of −2 in BiVO4

27 or
sulfates.28 To distinguish between the two, we utilized hard X-
ray photoelectron spectroscopy (HAXPES) to measure the S
1s spectrum (see Figure S4). A peak at ∼2478 eV is observed
that can be assigned to the oxidation state of −2.29 This is
further confirmed by the fact that no trace of sulfate-containing
phase was found in the X-ray diffractogram (Figure 3a) and the
Raman spectra (Figure S3).
Sulfur vapor is composed of Sn molecules, with n ranging

from 1 to 8.30 Based on this, the following substitution reaction
presumably occurs in the BiVO4 crystal lattice (in Kröger−
Vink notation31):

n n nS (g) O S ( /2)O (g)n O O 2+ +× ×F (1)

Figure 3. (a) X-ray diffractograms of BiVO4 films annealed at 350 °C in varying sulfur partial pressures. All films show monoclinic phase, but phase
segregation into Bi2S3 occurs above a sulfur pressure of 3 × 10−4 bar. (b) Pressure−temperature phase diagram indicating the phase segregation of
sulfur-incorporated BiVO4 and Bi2S3 based on the XRD measurements. The color of each point indicates the ratio of the Bi2S3 phase to the
monoclinic BiVO4 phase. The gray line indicates the boundary (limited to the resolution of our measured data points) at which phase segregation
starts to occur.

Figure 4. (a) S 2s X-ray photoelectron spectra of the BiVO4 films annealed at 350 °C and sulfur partial pressure of 0 and 3.5 × 10−4 bar. (b)
Valence band spectra of the BiVO4 films annealed at 350 °C and sulfur partial pressure of 0 and 3.5 × 10−4 bar measured by hard X-ray
photoelectron spectroscopy. The valence band shifts closer to the Fermi level (EF, binding energy = 0 eV) after sulfur incorporation.
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This is supported by the observed shifts of the (121) and
(040) X-ray diffraction peaks (Figure S5), which indicate
BiVO4 lattice expansion upon substituting O2− (140 pm
radius) with S2− (180 pm radius). These shifts were also
reported in sulfur-modified BiVO4 powders.22,23,27 This is
consistent with a shift of the main Raman peak at ∼832 cm−1,
which corresponds to the symmetric V−O stretching mode, to
lower wavenumbers (see Figure S3).
To investigate the origin of the bandgap change shown in

Figure 1, the position of the valence band maximum of the
films was determined using HAXPES. Figure 4b shows the
valence band HAXPES data of the control sample and the
sample annealed at a sulfur partial pressure of 3.5 × 10−4 bar.
After sulfur incorporation (green curve), the valence band
maximum shows a pronounced ∼0.3 eV shift to lower binding
energy. The magnitude of this shift is in very good agreement
with the observed bandgap change (Figure 1). Assuming that
the Fermi level of the S-modified sample has not shifted (i.e.,
no change in donor density since S and O are isovalent), this
suggests that the valence band maximum of BiVO4 shifts
upward upon sulfur incorporation. While the ∼0.3 eV shift
may seem modest, it increases the theoretical maximum solar-
to-hydrogen (STH) efficiency to ∼12% (vs ∼9% for pristine
BiVO4).
2.2. Density Functional Theory (DFT) Calculation. We

performed DFT calculations to understand sulfur incorpo-
ration into the BiVO4 monoclinic lattice. A 16 (BiVO4)
structural model generated from the 2 × 1 × 2 monoclinic
supercell was used, which contains a total of 96 atoms (Figure
5a). Several configurations for sulfur incorporation were

explored: S-linear (Figure S6a), S-random (Figure S6b), S-
around Bi (Figure S6c), S-around V (Figure S6d), and well-
dispersed S-pairing (Figure 5b). In this calculation, a S/V ratio
of 0.63 was chosen (i.e., BiVO3.37S0.63), based on the
experimental XRF and XPS results (Figure 2). The
thermodynamic stability of these structures was investigated
using molecular sulfur (S2) in the gas phase as the source of
sulfur (elemental sulfur shows similar behavior); a fixed partial
pressure of 3.5 × 10−4 bar and a fixed temperature of 350 °C
were chosen based on the experimental conditions for sulfur
incorporation. In an oxygen-free atmosphere (ΔμO = −4 eV),
the formation energies (with respect to pristine BiVO4) for the
various S-configurations are listed in Table 1. The lowest-
energy (i.e., most stable) structure was obtained using the well-
dispersed S-pairing configuration, where the 10 S atoms were
substituted at O sites that were homogeneously distributed

throughout the lattice. In this structure, each pair of S atoms
occupies the two nearest-neighbor O sites that bridge 2 Bi
atoms (see Figure 5b). This structure remains the most stable
S-containing configuration for the entire range of ΔμO values,
although it starts to become metastable as compared to the
pristine BiVO4 at higher ΔμO (Figure S7). The bond lengths in
this S-incorporated BiVO4 are listed in Table S1, along with
those for the pristine BiVO4 structure.
DFT-based analysis of the electronic structure of

BiVO3.37S0.63 was carried out by computing the electronic
density of states (DOS) as a function of the band energy for
the most relevant predicted structure (i.e., well-dispersed S-
pairing, Figure 5b). This is compared to that obtained for the
unmodified BiVO4 to provide relevant information about any
relative shift in the valence or conduction band. We note that
DFT calculation using the PBE functional tends to under-
estimate the bandgap of a material; we therefore are more
interested in the trend/shift observed upon S-incorporation
and less in the absolute value. The calculated results are shown
in Figure 6. By comparing the density of states of BiVO4 and

Figure 5. (a) DFT-based crystal structure of pristine BiVO4. (b)
DFT-based lowest-energy optimized crystal structure of BiVO3.37S0.63
material revealing a well-dispersed S-pairing configuration. Bi are in
purple, V in gray, O in red, and S in green.

Table 1. Formation Energies for the Various Explored S-
Configurations in BiVO4 with Respect to Pristine BiVO4 in
an Oxygen-Free Atmosphere (Δμ0 = −4 eV) and a
Temperature of 350 °C, Assuming Molecular Sulfur (S2) in
the Gas Phase as the Source of Sulfur and a Partial Pressure
of 3.5 × 10−4 bar

S-configuration in BiVO4 formation energy (eV)

no S (i.e., pristine) 0
linear +0.01
random −0.14
around Bi +0.05
around V +0.07
well-dispersed pairing −0.25

Figure 6. DFT-based computed electronic structure of BiVO4 (left)
and BiVO3.37S0.63 (right) revealing well-dispersed S-pairing config-
uration. Contributions from S 3p, O 2p, V 3d, and Bi 6s are shown in
green, red, gray, and purple colors, respectively.
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BiVO3.37S0.63, it can be clearly seen that the valence band is
shifted upward by around 0.4 eV upon S incorporation due to
the additional electronic states originated from S 3p orbitals,
while the conduction band position remains relatively
unchanged. This result is not only in good agreement with
the HAXPES measurements (Figure 4b) but also confirms that
the origin of the observed bandgap decrease is mainly due to
an upward shift of the valence band maximum. Note that the
other structural configurations explored (i.e., S-linear, S-
random, S-around Bi, and S-around V) revealed much
narrower bandgaps as compared to the well-dispersed S-
pairing one (see Figure S8).
2.3. Charge Carrier Transport and Photoactivity of

Sulfur-Incorporated BiVO4. With the decrease in bandgap
upon sulfur incorporation firmly established, we now turn our
attention to the charge carrier transport properties of the films.
Time-resolved microwave conductivity (TRMC) measure-
ments were carried out to elucidate how the carrier mobility,
the lifetime, and the diffusion length of BiVO4 are affected by
the incorporation of sulfur. Pulsed laser illumination with a
wavelength of 355 nm was used, which is well above the
bandgap for all films. Examples of TRMC curves for
unmodified and sulfur-incorporated BiVO4 films are shown
in Figure S9. The effective carrier mobility of the films can be
obtained from the maximum of these curves ((ϕ∑μmax) and is
plotted as a function of sulfur partial pressure (i.e., sulfur
concentration) in Figure 7. With increasing sulfur concen-

tration, the carrier mobility of BiVO4 systematically increases
by up to a factor of 3, from ∼0.02 up to ∼0.06 cm2 V−1 s−1.
The effective carrier lifetime can be obtained by fitting the
decay of the TRMC curves (Figure S9) with a second-order
exponential decay function. Sulfur incorporation was found to
have only a minor effect on the main lifetime; a carrier lifetime
value of ∼70 ns was obtained for all samples. Overall, the
improved carrier mobility and the constant lifetime result in a
∼70% increase of the carrier diffusion length, from ∼60 up to
∼100 nm.
To confirm the photoactivity of the S-incorporated sample

above the typical bandgap of BiVO4, photoconductivity action

spectroscopy (PCAS) measurements were performed. Here,
the excitation wavelength of the laser used in TRMC was
continuously increased in 20 nm steps from 420 up to 600 nm.
For the BiVO4 control sample (black curve in Figure 8), no

signal was detected above 500 nm (hν = ∼2.5 eV), and a
carrier mobility of ∼0.01−0.02 cm2 V−1 s−1 was obtained
below this wavelength. In contrast, TRMC signals are detected
up to 560 nm (hν = ∼2.2 eV) for the sulfur-incorporated
BiVO4 sample (green curve in Figure 8). The PCAS spectrum
also shows a clear increase in carrier mobility to ∼0.05−0.1
cm2 V−1 s−1.
The mobility action spectra (i.e., wavelength-dependent

mobility) above imply two important points. First, the shift of
the onset wavelength upon sulfur incorporation again confirms
the reduction of the bandgap. Second, since TRMC is sensitive
only to photogenerated mobile carriers, the fact that we
observed relatively constant mobility for the sulfur-incorpo-
rated BiVO4 up to the band edge suggests that these carriers
remain mobile and are not trapped in defect states. In other
words, sulfur incorporation increases not only visible light
absorption but also the photoactivity of BiVO4. Similar
enhancement has been reported for the sulfur-doped TiO2,
where the absorption as well as the quantum efficiency are
extended beyond the bandgap of pristine TiO2.

32,33

The combination of a decrease in the bandgap (i.e.,
extension of photoactivity) as well as the increased carrier
diffusion length suggests that sulfur incorporation in BiVO4
would result in the enhancement of the photoelectrochemical
performance. Figure 9 shows that the AM1.5 photocurrent of a
pristine BiVO4 film in 0.1 M potassium phosphate (KPi) buffer
(pH ∼7) with added 0.5 M sodium sulfite (Na2SO3) as a hole
scavenger (no cocatalyst) is ∼1.1 mA cm−2 at 1.23 V vs RHE.
This photocurrent is modest compared to our best performing
BiVO4,

7,34 since W- or H-doping and a SnO2 hole-blocking
layer were not used here to exclude any possible convoluted
effects due to the interaction between sulfur and these

Figure 7. Charge carrier mobility (ϕΣμmax) of BiVO4 films as a
function of the sulfur partial pressure during postannealing (T = 350
°C). A clear improvement of mobility is shown by incorporating S
into BiVO4. The mobility values were obtained from time-resolved
microwave conductivity signals measured at a laser intensity of 4.27 ×
1013 photons pulse−1 cm−2 and a wavelength of 355 nm.

Figure 8. PCAS spectra, i.e., charge carrier mobility (ϕΣμmax) vs
wavelength, of the BiVO4 control sample and the S-incorporated
BiVO4 sample at sulfur partial pressure of 3.5 × 10−4 bar, as measured
by TRMC at a laser intensity of ∼4 × 1013 photons pulse−1 cm−2.
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modifications. Upon S-incorporation, the photocurrent in-
creases by ∼60% to 1.8 mA cm−2 at 1.23 V vs RHE.
We note that part of the increase in photocurrent of the

sulfur-modified BiVO4 may be due to photocorrosion.
Subsequent cyclic voltammetry measurements of the S-
incorporated films show a decrease in photocurrent for the
second and third CV cycles (Figure S10). Since the brownish
S-BiVO4 films return to their original yellow color after the
photoelectrochemical measurements, we attribute the decrease
in photocurrent to reoxidation (i.e., loss of sulfur) of the films.
Similar stability issues are known for many sulfides and oxy-
sulfides,35,36 and strategies are in place to overcome this
limitation.36−39 Efforts in depositing suitable protection layers
and/or cocatalysts, which is beyond the scope of the current
study, are currently ongoing and are expected to increase the
stability of the S-incorporated BiVO4.

3. CONCLUSION
We have shown that a simple postdeposition heat treatment in
a sulfur vapor atmosphere leads to the homogeneous
incorporation of sulfur into thin film BiVO4 photoelectrodes.
The sulfur is found to decrease the bandgap and improve the
charge carrier transport properties of BiVO4. The maximum
bandgap decrease is ∼0.3 eV. Incorporation of additional sulfur
leads to segregation of a Bi2S3 phase. Both HAXPES
measurements and DFT calculations confirm that this bandgap
shift is caused by an upward shift of the valence band
maximum. TRMC measurements revealed that the change in
absorption onset is also accompanied by an improvement in
photoactivity, and the shift in onset wavelength for detecting
mobile and photoactive carriers matches well the decrease in
the bandgap. The mobility of the charge carriers increases by a
factor of ∼3 upon sulfur incorporation, resulting in a ∼70%
longer carrier diffusion length than for unmodified BiVO4. The
sulfur-incorporated BiVO4 films show a 60% increase in the
AM1.5 photocurrent. Since subsequent I−V curves show a
slow but steady decrease in photocurrent, presumably caused
by reoxidation (sulfur loss) of the films, future efforts should
be directed toward applying protection layers40 (e.g., leaky
TiO2,

37,41 p-type TCO42,43) and/or cocatalysts on the surface
of the film. If this is successful, solar-to-hydrogen efficiencies of

up to 12% can be achieved due to the decrease in the bandgap.
This shows that sulfur incorporation is a promising strategy to
further improve the photoelectrochemical performance of
BiVO4 and possibly other metal oxides that are limited by a
large bandgap and poor carrier transport.

4. EXPERIMENTAL SECTION
Synthesis. Spray pyrolysis was used to prepare 100 nm-thick

BiVO4 films following a previously reported method.34,44−46 During
the spray pyrolysis, a conducting glass substrate (fluorine-doped tin
oxide, TEC7, Pilkington) or quartz substrate (polished, Spectrosil
2000, Heraeus) was placed on a hot plate, and the temperature was
set to 450 °C. The precursor solution was 0.4 mmol VO(C2H7O2)2
(99%, Alfa Aesar) and 0.4 mmol Bi(NO3)3·5H2O (98%, Alfa Aesar)
in 100 mL of solvent consisting of acetic acid (98%, Sigma-Aldrich)
and ethanol (Sigma-Aldrich) in a 1:9 ratio. The solution was sprayed
in 100 cycles onto the heated substrate (spray rate ∼1 nm per cycle),
followed by postannealing in air at 450 °C for 2 h. For sulfur
incorporation into these films, a two-zone furnace was used. In the
first zone, excess amount of sulfur powder (Sigma) was heated at
temperatures between 90 and 200 °C, creating different sulfur partial
pressures between 0 and 3 × 10−3 bar (see Figure S11 for the
correlation between the temperature and the respective sulfur partial
pressure).47,48 Due to the partial pressure difference between the two
zones, the sulfur-rich atmosphere was distributed evenly through both
parts to reach an equilibrium. In the second zone, the BiVO4 films
were placed and the temperature was varied between 300 and 400 °C.
During the sulfur incorporation, the two-zone furnace was further
kept under Ar background pressure of 300 mbar.

Materials Characterization. A Lambda 950 spectrometer
(Perkin Elmer) with an integrating sphere (the films were placed
inside the sphere) was used to perform UV−vis spectroscopy in a
wavelength range of 320−800 nm. Lab-based X-ray photoelectron
spectroscopy (XPS) was conducted using a SPECS PHOIBOS 100
analyzer and a X-ray source with a SPECS FOCUS 500
monochromator (Al Kα radiation, hν = 1486.74 eV). All spectra
were calibrated to the carbon C 1s peak at 284.8 eV, and a Shirley
background was subtracted. The atomic ratio was calculated by

i j
I
I

atomic ratio ( : ) i/S

j S/

i

j

=
(2)

where I is the integrated peak area, S is the corresponding sensitivity
factor, and the subscripts i and j correspond to the different elements
(e.g., bismuth, sulfur, vanadium). X-ray fluorescence (XRF) measure-
ments were performed by using a Rigaku WD-XRF ZSX Primus II
setup. A quantitative analysis was done on the Bi Lα, V Kα, O Kα,
and S Kα edge with a PC (flow proportional counter, P10 gas
detector) and SC (scintillation counter for heavy elements) detector
in a tube above configuration. X-ray diffraction (XRD) measurements
were done using a Bruker D8 diffractometer with Cu Kα radiation (λ
= 1.542 Å) at 40 mA and 40 kV. The setup was kept at a grazing
incidence configuration (0.5° incident angle). A Horiba HR800
spectrometer (500:1 polarized 20 mW HeNe laser, λ = 632.82 nm)
was used for Raman spectroscopy. The morphology of the films were
characterized with a LEO GEMINI 1530 scanning electron
microscope (SEM) at an acceleration voltage of 5 kV.

Time-resolved microwave conductivity (TRMC) measurements
were done in a setup previously described in detail elsewhere.34,49 A
wavelength tunable optical parametric oscillator (OPO) coupled to a
diode-pumped Q-switched Nd:YAG laser was used as the excitation
source providing 3 ns pulses at 50 Hz repetition rate. A voltage
controlled oscillator (SiversIMA VO3262X) generated the micro-
waves (X-band region, 8.4−8.7 GHz). A microwave cavity cell was
used, in which the BiVO4 films deposited on quartz were placed.
Carrier transport properties were calculated by taking BiVO4
dielectric constant as 68.34 Photoelectrochemical (PEC) measure-
ments were conducted in a three-electrode configuration, with the
BiVO4 films as the working electrode, a Pt wire as the counter

Figure 9. AM1.5 photocurrent−voltage curves of the pristine BiVO4
film and the one annealed in in sulfur partial pressure of 3.5 × 10−4

bar. The electrolyte is 0.1 M potassium phosphate (KPi) buffer (pH
∼7) with added 0.5 M sodium sulfite (Na2SO3) as a hole scavenger.
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electrode, and an Ag/AgCl electrode (XR300, saturated KCl and
AgCl solution, Radiometer Analytical) as the reference electrode. A
copper wire and a tin-plated copper foil (CCK-18-101, Farnell) were
connected to the exposed FTO to provide electrical contact to the
films. The electrolyte was a pH 7, 0.1 M potassium phosphate (KPi)
buffer, and 0.5 M sodium sulfite (Na2SO3) was added as a hole
scavenger. A potentiostat (EG&G PAR 273A) was applied to the
potentials with respect to the reference electrode (VAg/AgCl). This
potential was converted to the reversible hydrogen electrode scale
(VRHE) by using the Nernst equation:

V V V0.0591 pHRHE Ag/AgCl
0

Ag/AgCl= + × + (3)

where V0
Ag/AgCl is the standard potential of the Ag/AgCl reference

electrode (199 mV at 25 °C). Back-side illumination configuration
(i.e., light arrives from the substrate-side) was used to measure the
photocurrent. The light source is a solar simulator (WACOM, type
WXS-50S-5H, class AAA) calibrated to AM1.5 (100 mW cm−2).
BESSY II synchrotron facility (HiKE end station,50 KMC-1

beamline,51 Helmholtz-Zentrum Berlin, Germany) was used to
carry out the hard-X-ray photoelectron spectroscopy (HAXPES)
measurements. At this beamline, photon excitation energies between
2000 and 12 000 eV are available. In our measurements, the photon
energy used was 4740 eV (first-order diffracted light from the Si(311)
planes of the double-crystal monochromator). The photoelectrons
were detected using a Scienta R4000 optimized for high kinetic
energies up to 10 000 eV. Binding energy scale calibration was done
by measuring the Fermi edge (EF) of a gold foil. The analysis chamber
was kept at ∼10−8 mbar during all measurements.
Density Functional Theory (DFT) Calculation. Based on the 16

(BiVO4) structural model generated from the 2 × 1 × 2 monoclinic
supercell of the pristine BiVO4 monoclinic crystal structure
(clinobisvanite phase with space group C2/c) comprising 96 atoms
(see Figure 5a), the S-incorporated BiVO4 with the specific
stoichiometry of BiVO4−xSx (x = 0.63) was simulated by substituting
10 O atoms with 10 S atoms at various possible sites inside the
pristine supercell. This amount of incorporated sulfur together with
the reduced S2− state was chosen based on the obtained XRF and XPS
measurements. Representative S-incorporated geometrical configu-
rations revealing more (or less) separated and more (or less)
agglomerated S atoms in BiVO4 lattice, namely, S-linear, S-random, S-
around Bi, S-around V, and well-dispersed S-pairing, were studied. For
S-linear model, the 10 S atoms were substituted at O sites located
linearly in the same plane. For S-random model, well-separated O
sites inside the supercell were randomly substituted by 10 S atoms.
For S-around Bi and V models, the 10 S atoms were mostly
substituted at O sites surrounding the nearest-neighbor Bi and V,
respectively. For well-dispersed S-pairing model, the 10 S atoms were
homogeneously substituted at O sites throughout the lattice, in which
each pair of S atoms was located at two O sites bridging 2 Bi.
The geometrical structures were optimized by means of periodic

density functional theory (DFT) using the VASP program.52−55 The
PBE functional56 together with the PAW method,57 400 eV cutoff
energy for basis functions, and 3 × 3 × 3 Monkhorst−Pack k-point
mesh58 for Brillouin zone, were adopted. The configurations for
valence electrons treated explicitly in the calculations are 3s23p4 for S,
2s22p4 for O, 3p63d44s1 for V, and 6s26p3 for Bi. The geometry
optimization was considered converged when forces on atoms were
near 0.01 eV/Å, the stress was near 0.02 GPa, and the displacement
was near 5 × 10−4 Å.
The thermodynamic stability of the most relevant BiVO4−xSx (x =

0.63) structural configuration was studied using the gas phase
molecular sulfur S2 like doping chemical agent to mimic the
experimental protocol adopted for synthesizing this S-incorporated
BiVO4 material using this reaction:

x xBiVO 2S (g) BiVO S 2O (g)x x4 2 4 2+ → +− (4)

The formation energy was computed using this expression:

E E E x E

x E x x

BiVO S BiVO
2

O

2
S

x xform tot 4 tot 4 tot 2

tot 2 O Sμ μ

= [ ] − [ ] + × [ ]

− × [ ] + × Δ − × Δ

−

(5)

Etot[BiVO4] and Etot[BiVO4−xSx] represent the electronic energies of
undoped and S-doped materials within the lowest-energy geometries,
whereas Etot[S2] and Etot[O2] are the total energies of S2 and O2
molecules. ΔμS and ΔμO are the sulfur and oxygen chemical
potentials given by Ä

Ç
ÅÅÅÅÅÅÅÅÅÅÅ
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(6)

The thermal corrections of O2 and S2 including the zero-point
energy were obtained from DMol program59 using PBE and DNP
basis set.60 For pristine and S-incorporated materials, the relative
difference in the thermal contributions was neglected. The total
energies of molecules and solids were obtained from VASP. Here,
ΔΔμS was fixed at −0.86 eV originated from T = 600 K and p(S2) = 3
× 10−4 bar to mimic the required experimental conditions. The
reference formation energy corresponds to 0 eV for pristine BiVO4.
Lower or higher formation energy represents more or less stable
material than the pristine BiVO4. This approach has been recently
applied to H-doped BiVO4

34 and S-doped TiO2
61 and could give a

rational insight on its thermodynamic behaviors.
The electronic structure features of pristine BiVO4 and BiVO4−xSx

(x = 0.63) materials were investigated through density of states
computations using PBE based on the obtained optimized structures.
For Brillouin zone integration, the tetrahedron approach along with
Blöchl corrections was considered. To guarantee a sufficient
convergence of bandgap, an increased basis functions cutoff up to
500 eV was taken into consideration. In fact, we are aware that PBE
does not give the exact experimental bandgap, and this under-
estimation could be improved using HSE06.62−67 Here, we aimed at
providing a relative trend, and therefore, the HSE06 functional was
not applied in our work.
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(1) van de Krol, R.; Graẗzel, M. Photoelectrochemical Hydrogen
Production; Springer: New York, 2012.
(2) van de Krol, R.; Parkinson, B. A. Perspectives on the
photoelectrochemical storage of solar energy. MRS Energy Sustain.
2017, 4, 1−11.
(3) Sivula, K.; van de Krol, R. Semiconducting materials for
photoelectrochemical energy conversion. Nat. Rev. Mater. 2016, 1,
15010−1−16.
(4) Sivula, K. Metal Oxide Photoelectrodes for Solar Fuel
Production, Surface Traps, and Catalysis. J. Phys. Chem. Lett. 2013,
4, 1624−1633.
(5) Zhang, L.; Ye, X.; Boloor, M.; Poletayev, A.; Melosh, N. A.;
Chueh, W. C. Significantly enhanced photocurrent for water oxidation
in monolithic Mo:BiVO4/SnO2/Si by thermally increasing the
minority carrier diffusion length. Energy Environ. Sci. 2016, 9,
2044−2052.
(6) Kudo, A.; Omori, K.; Kato, H. A Novel Aqueous Process for
Preparation of Crystal Form-Controlled and Highly Crystalline BiVO4
Powder from Layered Vanadates at Room Temperature and Its
Photocatalytic and Photophysical Properties. J. Am. Chem. Soc. 1999,
121, 11459−11467.
(7) Abdi, F. F.; Han, L.; Smets, A. H. M.; Zeman, M.; Dam, B.; van
de Krol, R. Efficient solar water splitting by enhanced charge
separation in a bismuth vanadate-silicon tandem photoelectrode. Nat.
Commun. 2013, 4, 2195−1−7.
(8) Payne, D. J.; Robinson, M. D. M.; Egdell, R. G.; Walsh, A.;
McNulty, J.; Smith, K. E.; Piper, J. F. J. The nature of electron lone
pairs in BiVO4. Appl. Phys. Lett. 2011, 98, 212110−1−3.
(9) Pihosh, Y.; Turkevych, I.; Mawatari, K.; Uemura, J.; Kazoe, Y.;
Kosar, S.; Makita, K.; Sugaya, T.; Matsui, T.; Fujita, D.; Tosa, M.;
Kondo, M.; Kitamori, T. Photocatalytic generation of hydrogen by
core-shell WO3/BiVO4 nanorods with ultimate water splitting
efficiency. Sci. Rep. 2015, 5, 11141−1−10.
(10) van de Krol, R.; Liang, Y.; Schoonman, J. Solar hydrogen
production with nanostructured metal oxides. J. Mater. Chem. 2008,
18, 2311−2320.
(11) Shi, X.; Choi, I. Y.; Zhang, K.; Kwon, J.; Kim, D. Y.; Lee, J. K.;
Oh, S. H.; Kim, J. K.; Park, J. H. Efficient photoelectrochemical
hydrogen production from bismuth vanadate-decorated tungsten
trioxide helix nanostructures. Nat. Commun. 2014, 5, 4775−1−8.
(12) Abdi, F. F.; Savenije, T. J.; May, M. M.; Dam, B.; van de Krol,
R. The Origin of Slow Carrier Transport in BiVO4 Thin Film
Photoanodes: A Time-Resolved Microwave Conductivity Study. J.
Phys. Chem. Lett. 2013, 4, 2752−2757.
(13) Kosar, S.; Pihosh, Y.; Bekarevich, R.; Mitsuishi, K.; Mawatari,
K.; Kazoe, Y.; Kitamori, T.; Tosa, M.; Tarasov, A. B.; Goodilin, E. A.;
Struk, Y. M.; Kondo, M.; Turkevych, I. Highly efficient photocatalytic

conversion of solar energy to hydrogen by WO3/BiVO4 core−shell
heterojunction nanorods. Appl. Nanosci. 2018, 8, 1−8.
(14) Cooper, J. K.; Gul, S.; Toma, F. M.; Chen, L.; Glans, P.-A.;
Guo, J.; Ager, J. W.; Yano, J.; Sharp, I. D. Electronic Structure of
Monoclinic BiVO4. Chem. Mater. 2014, 26, 5365−5373.
(15) Zhang, M.; Ma, Y.; Friedrich, D.; van de Krol, R.; Wong, L. H.;
Abdi, F. F. Elucidation of the opto-electronic and photoelectrochem-
ical properties of FeVO4 photoanodes for solar water oxidation. J.
Mater. Chem. A 2018, 6, 548−555.
(16) Loiudice, A.; Ma, J.; Drisdell, W. S.; Mattox, T. M.; Cooper, J.
K.; Thao, T.; Giannini, C.; Yano, J.; Wang, L.-W.; Sharp, I. D.;
Buonsanti, R. Bandgap Tunability in Sb-Alloyed BiVO4 Quaternary
Oxides as Visible Light Absorbers for Solar Fuel Applications. Adv.
Mater. 2015, 27, 6733−6740.
(17) Jiao, Z.; Zheng, J.; Feng, C.; Wang, Z.; Wang, X.; Lu, G.; Bi, Y.
Fe/W Co-Doped BiVO4 Photoanodes with a Metal−Organic
Framework Cocatalyst for Improved Photoelectrochemical Stability
and Activity. ChemSusChem 2016, 9, 2824−2831.
(18) Dolgos, M. R.; Paraskos, A. M.; Stoltzfus, M. W.; Yarnell, S. C.;
Woodward, P. M. The electronic structures of vanadate salts: Cation
substitution as a tool for band gap manipulation. J. Solid State Chem.
2009, 182, 1964−1971.
(19) Xia, C.; Jia, Y.; Tao, M.; Zhang, Q. Tuning the band gap of
hematite α-Fe2O3 by sulfur doping. Phys. Lett. A 2013, 377, 1943−
1947.
(20) Khan, A.; Ahmed, M. I.; Adam, A.; Azad, A. M.; Qamar, M. A
novel fabrication methodology for sulfur-doped ZnO nanorods as an
active photoanode for improved water oxidation in visible-light
regime. Nanotechnology 2017, 28, No. 055602.
(21) Rettie, A. J. E.; Klavetter, K. C.; Lin, J.-F.; Dolocan, A.; Celio,
H.; Ishiekwene, A.; Bolton, H. L.; Pearson, K. N.; Hahn, N. T.;
Mullins, C. B. Improved Visible Light Harvesting of WO3 by
Incorporation of Sulfur or Iodine: A Tale of Two Impurities. Chem.
Mater. 2014, 26, 1670−1677.
(22) Zhao, Z.; Dai, H.; Deng, J.; Liu, Y.; Au, C. T. Enhanced visible-
light photocatalytic activities of porous olive-shaped sulfur-doped
BiVO4-supported cobalt oxides. Solid State Sci. 2013, 18, 98−104.
(23) Guo, M.; Wang, Y.; He, Q.; Wang, W.; Wang, W.; Fu, Z.;
Wang, H. Enhanced photocatalytic activity of S-doped BiVO4
photocatalysts. RSC Adv. 2015, 5, 58633−58639.
(24) Gong, H.; Freudenberg, N.; Nie, M.; van de Krol, R.; Ellmer, K.
BiVO4 photoanodes for water splitting with high injection efficiency,
deposited by reactive magnetron co-sputtering. AIP Adv. 2016, 6,
45108−1−10.
(25) Bernechea, M.; Cao, Y.; Konstantatos, G. Size and bandgap
tunability in Bi2S3 colloidal nanocrystals and its effect in solution
processed solar cells. J. Mater. Chem. A 2015, 3, 20642−20648.
(26) Liu, Z.-Q.; Huang, W.-Y.; Zhang, Y.-M.; Tong, Y.-X. Facile
hydrothermal synthesis of Bi2S3 spheres and CuS/Bi2S3 composites
nanostructures with enhanced visible-light photocatalytic perform-
ances. CrystEngComm 2012, 14, 8261−8267.
(27) Zhao, Z.; Dai, H.; Deng, J.; Liu, Y.; Au, C. T. Effect of sulfur
doping on the photocatalytic performance of BiVO4 under visible
light illumination. Chin. J. Catal. 2013, 34, 1617−1626.
(28) Zingg, D. S.; Hercules, D. M. Electron spectroscopy for
chemical analysis studies of lead sulfide oxidation. J. Phys. Chem. 1978,
82, 1992−1995.
(29) Carroll, T. X.; Ji, D.; Maclaren, D. C.; Thomas, T. D.; Saethre,
L. J. Relativistic corrections to reported sulfur 1s ionization energies. J.
Electron Spectrosc. Relat. Phenom. 1987, 42, 281−284.
(30) Berkowitz, J.; Marquart, J. R. Equilibrium Composition of
Sulfur Vapor. J. Chem. Phys. 1963, 39, 275−283.
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