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H I G H L I G H T S

• Metallic Bi electrodeposition as a pre-
step to improve the heterojunction
WO3/BiVO4.

• Obtaining pillar-like BiVO4 structure
by intermediary step of Bi electro-
deposition.

• Using spray, electrodeposition and
drop-casting to build WO3/BiVO4

heterojunctions.

• Increasing the time constant of charge
carriers by suitable heterojunction
formation.
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A B S T R A C T

In view of the urgency to replace fossil fuel-based energy sources with sustainable and renewable sources, much
has been done to discover new materials and/or production methods that can provide devices capable of con-
verting solar energy into chemical or electrical energy. This work describes the electrodeposition of Bi on WO3

film and its subsequent conversion to BiVO4 with the addition of NH4VO3 and heat treatment. In this way, a
WO3/BiVO4 heterojunction is obtained. With this methodology, it is possible to observe the formation of BiVO4

nanostructures with pillar shapes and a photocurrent increase of 300 times compared to films obtained by drop-
casting. At 1.23 V vs RHE (Reversible Hydrogen Electrode), the photocurrent achieved with the photoanode
reaches 2.1 ± 0.3 mA cm−2, which is 35 times higher than pure BiVO4 and 23 times higher than pure WO3.
Transient absorption spectroscopy studies show an increase in the time constants for the recombination of charge
carriers to the WO3/BiVO4 heterojunction. Electrodeposition is a relatively simple, easy to use, and scalable
technique. So, it is expected that its use for the production of photoelectrodes will be more widespread.
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1. Introduction

The use of a single semiconductor to complete water splitting and
generate O2 and H2 is the main goal of the research, but the char-
acteristics of the bandgap energy, valence, and conduction band posi-
tions and the incident photon-current conversion efficiency (IPCE) are
not meeting the needs for a simple device [1]. Even in 2020, labora-
tories around the world are seeking photocatalysts for O2 evolution that
are inexpensive, efficient, and sustainable. The oxidation of water to
evolve O2 is the limiting reaction in water splitting due to its many
reaction steps, i.e., a four-electron transfer coupled with the removal of
four protons to produce a strong oxidizing medium [2–4]. In this con-
text, BiVO4 is considered a promising semiconductor due to its bandgap
energy and valence and conduction bands suitable for this purpose. The
monoclinic scheelite BiVO4 phase presents a bandgap of ~ 2.45 eV, and
its valence band is appropriate for water oxidation [5–8]. However,
BiVO4 has low electrical conductivity, charge carrier mobility, and hole
diffusion length, which increase the recombination of photogenerated
charges [9]. In spite of this, the production of heterojunctions has im-
proved the photocatalysts properties of this devices [10].

The formation of heterojunctions is an alternative way to increase
the IPCE of the materials used as photoanodes. The heterojunction is
built up from close physical contact between two different semi-
conductors in such a way that there is a crystalline continuity in the
locus of contact [11]. The crystalline continuity in the locus of physical
contact causes a band alignment, which is lost as it moves away from
the junction between semiconductors until the band position goes back
to the characteristics of the bulk semiconductors. Additionally, there is
an alignment in the band boundaries by the band-edge discontinuity
[12]. This affects charge transport because it generates a charge
transfer cascade between the semiconductor bands by the internal
electric field. This phenomenon maximizes the charge separation and
minimizes the recombination of the electron-holes pairs [13,14]. Be-
sides, band level engineering is important for deciding on the semi-
conductor materials and the application of the device.

Most heterojunctions based on BiVO4 use WO3 as the semiconductor
junction in a staggered gap configuration [15]. The bandgap of WO3 is
approximately 2.78 eV, and its conduction and valence band positions
are lower energy than the analogous BiVO4. This heterojunction design
facilitates electron transfer from the BiVO4 conduction band to the WO3

conduction band and the hole transfer from the WO3 valence band to
the BiVO4 valence band. Consequently, the holes accumulate at the
BiVO4 surface while the electrons accumulate at the opposite WO3

surface, and the efficiency of charge separation increases. The increase
of the charge separation using the staggered gap heterojunction based
on WO3/BiVO4 has demonstrated relative success in water splitting
devices [8,16–19]. The methods to produce the heterojunctions based
on WO3/BiVO4 are shown in the Table 1. In all methods, there are
annealing steps at temperatures above 450 °C to obtain the photoactive
crystalline phases of the WO3 and BiVO4.

Although the electrochemical deposition of BiVO4 is an interesting
alternative because it is a scalable, inexpensive, and an easy technique,
it has been barely investigated for this purpose. Direct BiVO4 electro-
deposition was studied by Seabold et al. [39] using an acetate buffer
electrolyte containing Bi(NO3)3 and VOSO4 at 70 °C pH 4.7 at 1.9 V vs
Ag/AgCl, in which was obtained an amorphous and uniform film on the
FTO substrate. After annealing, the photoanode exhibited a photo-
currente of 20 μA cm−2 at 1.23 V vs RHE in 0.1 mol L−1 KH2PO4 pH 7,
but after FeOOH photodeposition the photocurrent reached to
1.6 mA cm−2. Also, electrochemical deposition has been used to obtain
molybdenum-doped BiVO4. This was demonstrated by Park et al. [40]
who added Mo(VI) precursor to a solution containing Bi(NO3)3 and
VOSO4. The Mo-doped BiVO4 showed an increase of 100% in the
photoactivity compared to pristine BiVO4. Similarly, Pihosh et al. [28]
carried out the potentiostatic deposition, but they used a two-electrode
configuration at 55 °C and applied 0.21 V vs a Pt counter electrode on a

WO3 nanorod working electrode. Thereby, they obtained the WO3-na-
norods/BiVO4 heterojunction after heat treatment at 500 °C for 2 h. The
authors employed the heterojunction in a photoelectrochemical-solar
cell tandem device that achieved 8.1% solar-to-hydrogen efficiency. A
different approach to BiVO4 electrodeposition was proposed by Dal-
l’Antonia et al. [41], in which it was electrochemically deposited a
metallic Bi on the substrate. Then, the substrate was transferred to a
solution containing NaVO3, and the Bi film was anodically stripped to
generate Bi(III) and induce the in situ precipitation of BiVO4 on the
substrate. The photoanode presented a photocurrent of ca.
0.5 mA cm−2 at 1.23 V vs RHE under non-standard illumination (full
output of a 100 W tungsten halogen lamp).

In most BiVO4 electrochemical deposition methods, the production
of the stoichiometric oxide is obtained in at least three stages. First is
the electrodeposition of one metallic precursor. Second is heat con-
version to BiVO4 with the addition of the other metallic precursor. The
final step is the dissolution of the contaminations. This is the strategy
employed by McDonald et al. [42] and Kim et al. [43], in which BiOI is
electrodeposited on FTO by the reduction of p-benzoquinone. The p-
benzoquinone reduction consumed H+ ions, which elevated the local
pH and triggered the precipitation of BiOI on the substrate. After that,
the BiOI is converted to BiVO4 by dropping of vanadium precursor on
BiOI and annealing. Lastly, the excess V2O5 is dissolved with 1 mol L−1

NaOH. The BiOI electrodeposition step was used to increase the surface
area of the photoanode due to its characteristic crystallization. The BiOI
precipitates as two-dimensional plate-like crystals. Lee et al. [44] pro-
posed a modification of the BiOI electrodeposition process to improve
the nucleation density of the crystals and to reduce the deposition
current density of the growth step. Thus, the electrodeposition was
made in two steps: first −0.35 V vs Ag/AgCl for 20 s and second
−0.10 V vs Ag/AgCl for 17 min. On the other hand, Zhong et al. [45]
employed the electrodeposition of bismuth oxide as an intermediary
step to produce BiVO4 in presence of p-benzoquinone as additive during
the electrodeposition. After that, the bismuth oxide is converted to
BiVO4 by dropping of vanadyl acetylacetonate and heat treatment. The
authors related photocurrents of 1.6 and 4.5 mA cm−2 approximately
for BiVO4 and BiVO4/CoOx/NiO, respectively.

Aiming to increase the surface area and porosity of the BiVO4

photoanodes, Kang et al. [46] performed the electrodeposition of me-
tallic Bi on FTO in non-aqueous solution (ethylene glycol) at −1.8 V vs

Table 1
Main methods used to produce heterojunction based on WO3/BiVO4.

WO3 layer deposition BiVO4 layer deposition Ref

Solvothermal/HT Spin-coating/HT [20]
Spin-coating/HT Spin-coating/HT [21–25]
Glancing angle deposition Glancing angle deposition/HT [26]
Oblique angle deposition/HT Drop-casting/HT [27]
Glancing angle deposition/

HT
ED of amorphous BiVO4/HT [28]

Anodizing/HT Spin-coating/HT [29]
Doctor Blade/HT Spin-coating/HT [30]
Drop-casting/HT Drop-casting/HT [31,32]
Electrospining/HT Dip-coating/HT [33]
Solvothermal to produce

Bi2WO6

HT in tube furnace with V(C5H7O2)3 [34]

E-beam/Solvothermal/HT ED of amorphous BiVO4/HT [35]
ASCVD/HT Spin-coating/HT [36]
Solvothermal/HT SILAR deposition/HT [37]
Spin-coating/Solvothermal/

HT
Spin-coating/HT [38]

Spin-coating/HT/
Solvothermal/HT

Spin-coating/HT [24]

Spray/HT ED of metallic Bi/Drop-casting of
NH3VO3/HT to produce pillar
structure of BiVO4

this work

ED = Electrodeposition; ASCVD = Aerosol assisted chemical vapour deposi-
tion; HT = Heat Treatment.
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Ag/AgCl. They were searching for a dendritic deposit, which could
increase the porosity of the final photoanode. Afterwards, the dendritic
Bi was converted to BiVO4 by dropping vanadium precursor on Bi film
and annealing. Also, Kim et al. [47] electrodeposited metallic Bi in
dimethylsulfoxide followed by its conversion to BiVO4 by dropping of
vanadyl acetylacetonate solution onto Bi film and annealing at 450 °C
for 3 h. The BiVO4 films presented high porosity due to the dendritic
morphology of the electrodeposited metallic Bi. In contrast, Wang et al.
[48,49] potentiostatically deposited Bi2O3 on FTO by applying 2.82 V
vs RHE for 1.5 h using an electrolyte containing Bi(NO3)3, acetic acid,
and HNO3. Furthermore, the Bi2O3 was converted to BiVO4 by dropping
of vanadyl acetylacetonate onto Bi2O3 film and annealing at 500 °C for
2 h, thereafter the BiVO4 film shows a compact and uniform mor-
phology.

Here, we propose electrodeposition of metallic Bi on a WO3 planar
film to improve the heterojunction and obtain the dendritic BiVO4 after
the dripping of NH4VO3 on electrodeposited Bi and annealing at 500 °C.
The electrodeposition could enhance the junction between the semi-
conductors to produce a staggered gap heterostructure, which will in-
crease the charge separation. Both semiconductors were produced using
inexpensive techniques, since the WO3 is made by spray deposition
while the BiVO4 is obtained by Bi electrodeposition followed by its
conversion in the presence of NH4VO3 and heat treatment.

2. Experimental section

2.1. Preparation of WO3 film

The WO3 layer on FTO (Fluorine-doped tin oxide coated glass,
surface resistivity ≈ 8 Ω cm−2, 3 mm thick with a 545 nm thick FTO
layer, TEC 8®) was deposited by spray coating using an airbrush (BC
61–03, Forusi®) with 10 L min−1 and 3 mL min−1 of air and solution
flows, respectively. The time of spray was 1 s and the substrate was kept
at 100 °C. The precursor solution was (NH4)10H2(W2O7)6 0.002 mol L−1

dissolved in a mix of ethylene glycol:H2O 1:1 (V:V). An time interval of
1 min was kept between each spray deposition, and after 10 repetitions
the substrates were heat-treated at 500 °C for 60 min.

2.2. Bi electrodeposition on WO3 film

The Bi was electrodeposited in a three-electrode configuration cell
using the WO3 film, Pt foil, and Ag/AgCl/KCl saturated (Ag/AgCl) as
the working, counter, and reference electrodes, respectively. The elec-
trolyte consisted of 0.02 mol L−1 Bi(NO3)3 + 0.1 mol NaClO4 mol L−1

dissolved in poly(ethylene glycol) 300 (PEG-300) (Kollisolv®). The
choice of a non-aqueous solvent was based on the need to obtain na-
nostructured morphologies without the competitive reaction of hy-
drogen evolution during metal deposition. Besides, the previous study
showed that the use of PEG 300 in the preparation of BiVO4 photo-
anodes gave good photoactivity results due to its effect on the oxide
crystallization parameters [50]. The Bi electrodeposition was per-
formed at room temperature with magnetic stirring and applying
−1.85 V vs Ag/AgCl limited with a deposition charge of −50 mC cm−2

by pulse.

2.3. Addition of NH4VO3 and thermal conversion from Bi to BiVO4

For the production of BiVO4, 50 μL cm−2 of 0.1 mol L−1 NH4VO3

was dropped onto electrodeposited Bi, which was heat-treated at 500 °C
for 60 min with a heating rate of 2 °C min−1. Afterwards, the excess of
V2O5 was dissolved by immersion of the photoanode into 1.0 mol L−1

NaOH for 3 min. The photoanode was washed with a copious amount of
water.

2.4. Characterizations

The crystalline structure of the samples was investigated by X-ray
diffraction (XRD-diffractometer XRD-6000, Shimadzu®, Cu kα irradia-
tion, λ = 1.54 Å, continuous scan, step 0.02°, scan rate 0.5° min−1,
receiving slit 0.3 mm). The morphology was characterized by high-re-
solution field emission scanning electron microscopy (FE-SEM, Zeiss
Supra 35 at 5 kV). The optical properties were studied by diffuse re-
flectance spectroscopy using a UV–Vis-NIR spectrophotometer coupled
with an integrating sphere (DRS, Cary 5G, Varian®). The photoanodes
were characterized by RAMAN microspectroscopy with an exposure
time of 30 s and an accumulation of 100 spectra (532 nm He-Cd laser,
50 mW, coupled to an Olympus BX41 microscope and CCD detector,
Horiba HR 550 spectrometer).

The PEC characterizations were carried out in a three-electrode cell
with the photoanodes, Pt foil, and Ag/AgCl as the working, counter,
and reference electrodes, respectively. Electrical measurements were
performed using a potentiostat/galvanostat (PGSTAT302N, Autolab,
Methrom®). The light source was an LCS-100 Solar Simulator (Xenon
lamp 100 W, filter AM 1.5G, irradiance of 100 mW cm−2, model
94011A-ES, Newport®). The electrolyte was 0.1 mol L−1

Na2HPO4 + 0.5 mol L−1 Na2SO4, pH 7.0. The pH of the electrolyte was
adjusted with 3.0 mol L−1 H3PO4. All measurements were carried out at
room temperature. The Ag/AgCl electrode potential was converted to
RHE by the Nernst equation:

= + + × pHE E Eº (0.059 )RHE Ag/AgCl Ag/AgCl (1)

where ERHE is the potential vs RHE, E°Ag/AgCl is 0.197 V at 25 °C, EAg/
AgCl is the potential vs Ag/AgCl measured and pH is 7.0.

The transient absorption spectroscopy (TAS) measurements were
performed at a μs-s time scale using a pump–probe transient absorption
spectrometer (Optical Building Blocks Corporation – OBB). The pump
source was a nitrogen laser excitation (337 nm, pulse width of 6 ns,
1 Hz repetition, 150 μJ cm−2 pulse−1); while the probe source was a
tungsten lamp source at the wavelength of 450 nm selected using an
OBB monochromator. The measurements were carried out in the same
three-electrode cell described in the PEC characterization. The transient
absorption change (mΔOD) was measured using a digital oscilloscope
(TDS 2022C, Tektronic®).

3. Results and discussion

The microscopy images in Fig. 1 show a homogeneous and compact
WO3 film on the FTO substrate. This feature is important in the for-
mation of the heterojunction, because it is essential for deposition of the
BiVO4 layer on WO3 and not directly on FTO. This configuration in-
hibits the formation of alternative paths for the photogenerated charge
carriers across the photoanode and enables an effective spatial se-
paration of the electron-hole pairs when the charge is transferred from
one layer to another [10]. The deposition of metallic Bi on the WO3

layer has a dendritic morphology with structures distributed along the
surface of the substrate. Two aspects of the Bi electrodeposition lead to
the dendritic morphology: the high viscosity of PEG-300 and the
overpotential of −1.90 V used in the procedure (Supplementary in-
formation S1). PEG-300 has a viscosity 100 times higher than water.
Therefore, the diffusion of Bi(III) in the solution is slow when compared
to an aqueous solution. Besides, under high overpotential, the deposi-
tion process is mass transport-controlled and the dendritic deposit is
favored [51,52]. The XRD pattern of Bi electrodeposited shows a
rhombohedral metallic Bi without a preferential growth
(Supplementary Information S2). The same dendritic morphology was
observed by Bilican et al. [52], but the authors used an aqueous
medium. This Bi morphology drives the shape of the BiVO4. Conse-
quently, after heat treatment in the presence of NH4VO3, pillar-like
structures of BiVO4 are observed (Fig. 1c and d). Obtaining this type of
pillar-like structure with the metallic Bi electrodeposition is quite
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interesting, since it increases the active area of the photoanode, which
is attractive for water splitting. The analyses of the thickness of the
layers in the image of Fig. 1d show thicknesses of 545 ± 34 nm for the
FTO layer and 92 ± 27 nm for the WO3 thin film and the height of the
pillar-like structures of BiVO4 is 2490 ± 490 nm. Yoon et al. [53]
investigated the pillar-like structures of BiVO4 by employing electro-
spray deposition, and they showed that there was an improvement in
the photoactivity of the photoanode, which was assigned to the high
surface area of the pillar-like structures BiVO4 film compared to planar
electrodes.

Although the pillar-like structure of BiVO4 is an interesting aspect,
the absence of physical contact of these structures with the WO3 layer
may indicate resistance to charge transfer between the BiVO4 and WO3

layer. In any case, the contact break may have been caused by a fracture
of the sample used to obtain the cross-section image. This hypothesis
seems to be the most plausible, since the WO3/BiVO4 heterojunction
shows a significant increase in the photocurrent when compared to
photoanodes containing WO3 or BiVO4, which will be shown later.

Fig. 2a shows the X-ray diffractogram of the WO3/BiVO4 photo-
anode, which presents characteristic diffraction peaks for both triclinic
WO3 and monoclinic BiVO4 phases. The three diffraction peaks ob-
served at 23.2, 23.7, and 24.4° are characteristic of the triclinic WO3

phase (JPDS 20–1323). Monoclinic BiVO4 presents characteristic peaks
at 15.2, 18.8, 19.0, and 30.7° (JPDS 14-688). In addition, there is no
preferential growth for WO3 or BiVO4. The absence of diffraction peaks
of V2O5 demonstrated that the immersion of the photoanode in 1.0 mol
L−1 NaOH for the dissolution of excess V2O5 was effective. Moreover,
the band gap energy calculated is in agreement with the crystalline
phases observed in the X-ray diffractograms of WO3 and BiVO4. The
lattice planes of WO3 and BiVO4 are shown in the Tables S2-2 and S2-3
in the Supplementary Information S2. The Tauc plots shown in Fig. 2b
present an indirect bandgap of 2.78 eV for pristine WO3 film, while the
heterojunction WO3/BiVO4 exhibited a direct bandgap of 2.45 eV,
which is expected for monoclinic BiVO4 [54,55]. The observation of
only one bandgap for the heterojunction is related to the BiVO4 film
thickness and the technique used to determine this optical property.
Since the height of the pillar-like structures (film thickness) is on the
order of 2.0 μm, all incident radiation is absorbed by the BiVO4 layer,
and little radiation with a wavelength below 506 nm is reflected to the
detector in the diffuse reflectance integration sphere. In these circum-
stances, only the bandgap of the outermost layer is observed, in this

case the BiVO4 layer.
The Raman scattering spectra for the WO3 and WO3/BiVO4 samples

are shown in Fig. 2c. Characteristic scattering peaks for WO3 are ob-
served at 130, 264, 322, 704, and 801 cm−1 [54,56]. The intense peaks
at 704 and 801 cm−1 correspond to the stretching and angular de-
formation vibrations of the WeOeW bond. The peaks at 264 and
322 cm−1 refer to the angular vibration modes of the OeWeO bonds,
while the peak at 130 cm−1 is related to crystal lattice vibration. For
BiVO4, the scattering peaks are observed at 122, 203, 325, 359, 707,
and 817 cm−1. These correspond to the network vibration modes (122
and 203 cm−1), angular deformations of the VO4

3− (325 and
359 cm−1), and stretching at VeO bonds (707 and 817 cm−1) [57].

The photographic images of the resulting photoanodes after each
production step are shown in Fig. S3-1 (Supplementary Information
S3). The WO3 film is translucent and it exhibits the expected electro-
chromic effect under polarization at −1.85 V vs Ag/AgCl. Thus, the
charge cut-off limiting the Bi deposition of −50 mC cm−2 per pulse
refers to the sum of the reduction of the WO3 film itself and the re-
duction of Bi3+ to metallic Bi. The electrochromic effect exhibited by
WO3 is related to two associated effects, the electron accumulation in
surface states near the conduction band and the charge compensation
by the insertion of ions into interstitial sites with the respective for-
mation of tungsten bronze as MxWO3 (with M = H+, Li+ or Na+

and × ≤ 1) [58].
Aiming at the application of the photoanode in water photo-elec-

trooxidation, all of the deposition processes were optimized according
to the photocurrent obtained in experiments under simulated sun illu-
mination (Xenon lamp 100 W, AM 1.5G filter, 100 mW cm−2). As
shown in Fig. 3a, the photocurrent obtained at 1.23 V vs RHE increases
as the number of WO3 spray deposition steps increases. This was ex-
pected due to the WO3 presenting an indirect bandgap, which makes
thicker layers necessary to increase the absorption of incident radiation.
However, in Fig. 3b, this tendency is not observed for the hetero-
structure. Fig. 3b exhibits the linear voltammograms under chopped
illumination for the heterostructures obtained with 100 (red line) and
with 40 (black line) layers of WO3 spray deposition, WO3-100L/BiVO4,
and WO3-40L/BiVO4, respectively. In both heterostructures, the BiVO4

was produced from 10 pulses of Bi electrodeposition with a delay of
2 min between the pulses keeping the electrochemical cell under open
circuit potential and magnetic stirring. It is noteworthy that the pulsed
Bi electrodeposition (Bi-PED) was chosen because this method shows a

Fig. 1. SEM images of (a) WO3, (b) Bi metallic on
WO3, (c) BiVO4 on WO3 after heat treatment
with NH4VO3 and dissolution of the excess V2O5

with 1.0 mol L−1 NaOH and (d) cross-section of
the photoanode showing the FTO, WO3 and
BiVO4 layers. The colors in Fig. 1c and 1d are an
artifice for a better understanding of the layers of
the compounds. Blue represents the BiVO4 de-
posit, WO3 magenta, and green the FTO sub-
strate.

D. Coelho, et al. Chemical Engineering Journal 399 (2020) 125836

4



Fig. 2. (a) XRD of WO3/BiVO4 photoanode, (b) Tauc plot and (c) Ramam spectra of WO3, BiVO4 and WO3/BiVO4 photoanode.

Fig. 3. (a) Photocurrent as a function of WO3

deposition steps. (b) Linear voltammetry at
5 mV s−1 of WO3-40 L/BiVO4 and WO3-100 L/
BiVO4 showing the effect of the WO3 deposition
steps on photocurrent under chopped light (fre-
quency of 1 Hz). (c) Illuminated open circuit
potential as function of irradiance. (d)
Representation of the band levels of the semi-
conductors. The measurements were performed
in 0.5 mol L−1 Na2SO4 + 0.1 mol L−1 phosphate
buffer pH 7.
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photocurrent 275% higher than the continuous Bi electrodeposition (Bi-
CED); under the same charge density of Bi electrodeposition
(Supplementary Information S4). The conversion from metallic bismuth
to BiVO4 with drop-casting of NH4VO3 and heat treatment was the same
in both methods, Bi-PED and Bi-CED. As evidenced by voltammograms
in the Fig. 3b, the photoanode with the highest photocurrent response
was obtained with 40 layers of WO3 spray deposition. Thus, we decided
to optimize the photo-electrodeposition of Bi by keeping 40 layers of
WO3 spray deposition. The heterojunctions obtained by less WO3 spray
depositions showed lower photocurrents, because the coating of FTO
was not uniform, which made the heterojunction inefficient.

To determine the conduction (CB) and valence (VB) band positions
of the semiconductors, as well as their flat band potentials (Efb), the
illuminated open circuit potential (EOCP−illuminated) was investigated
under different radiation intensities. When a semiconductor is illumi-
nated with a radiation source with energy higher than its bandgap, an
electron-hole pair is produced, and the electron is excited to the CB
while the hole remains in the VB. However, since the system is kept at
an open circuit, there is no charge flow, and the photogenerated elec-
trons are accumulated in the depletion region. As a result, when the
intensity of radiation increases, the photogenerated charge production
and the charge accumulation increases too. This accumulation of
charges causes the gradual unfolding of CB and VB until the illumina-
tion intensity is high enough to make them fully unfolded, reaching Efb.

Since the EOCP−illuminated is monitored as the radiation intensity
increases, the Efb and the type of the semiconductor material can be
determined. The Efb is assumed to be the potential where the EOCP-illu-
minated vs. irradiance intensity plot reaches a stationary plateau under
high irradiance intensities, while the semiconductor type is determined
by the behavior of the curve. More precisely, if the EOCP-illuminated de-
creases under illumination, the semiconductor will be n-type.
Otherwise, if the EOCP-illuminated increases under illumination, the
semiconductor is p-type. If the Efb of the material is known, it could be
assumed that its potential is approximately the potential of CB for n-
type or VB for p-type semiconductors. Once the position of one of the
band levels has been determined, the other band potential can be cal-
culated according to the bandgap energy (Eg) of the material [59].
Thus, in agreement with Fig. 3c, the WO3 and BiVO4 are both n-type
semiconductors, and their CB levels are around 0.49 and 0.40 V vs RHE,
while their VB levels are 3.27 and 2.85 V vs RHE, as the representation
in Fig. 3d shows.

The CB levels for both semiconductors are more positive than the
thermodynamic potential for proton reduction, which is expected. This
means that neither WO3 nor BiVO4 are suitable for photoreduction of
water without applied bias [17,60–63]. According to the band levels,
the WO3/BiVO4 produces a heterostructure of type-II with the CB and
VB levels of WO3 more positive than BiVO4 [10]. Such a band config-
uration easily drives the electron transfer from BiVO4 to WO3, while the
holes cannot be transferred to WO3. Instead, the holes can only drive
towards the photoanode-electrolyte interface. This charge transport
prevents electron-hole recombination, because it promotes a spatial

charge separation [63].
The number of cycles of Bi pulsed electrodeposition on the WO3

layer was investigated, and the photocurrent density (jpc) obtained for
electrodes from 10 to 50 cycles is shown in Fig. 4a. It is noteworthy that
the experiments were performed by applying 1.23 V vs RHE to the
photoanode in 0.5 mol L−1 Na2SO4 + 0.1 mol L−1 Na2HPO4 pH 7.0
solution under illumination (100 mW cm−2, Xenon lamp 100 W, AM
1.5G filter) for 3 min. The jpc was determined by the difference in the
current obtained with the photoanode in the dark and under illumi-
nation after 3 min. Although the highest jpc was observed with the
photoanode obtained with 10 cycles of Bi pulsed electrodeposition, it
was also the one with the highest jpc deviation. This is due to the fact
that these photoanodes have a non-uniform surface coating during the
metallic Bi deposition step. This non-uniform coating means that after
conversion to BiVO4, it will still have a non-uniform coating. However,
when the largest amount of Bi was deposited, the photocurrent de-
creased drastically, showing that the recombination of electron-hole
pairs increases significantly in these cases. Thus, a balance must be
achieved between the cycles of Bi deposition and the uniformity of the
coating. Here, we chose to keep 10 cycles of Bi deposition, because we
are interested in as much photocurrent as possible. Fig. 4b shows the
linear voltammograms of the photoanodes containing the pristine
semiconductors compared to heterojunction under the optimized con-
ditions. It can be observed that the photocurrent obtained with the
photoanode WO3/BiVO4 (2.27 mA cm−2) is 25 times higher than that
observed for pristine WO3 (0.09 mA cm−2) or BiVO4 (0.07 mA cm−2).
This significant increase in photocurrent is due to the effective spatial
separation of electron-hole pairs, which increases the water oxidation
rate. To the best comparison with some recent results of literature with
photoanodes based on WO3/BiVO4 heterojunction is shown in the Table
S5-1 in the Supplementary Information S5.

Up to this point, we have observed an appreciable improvement in
the photocurrent density obtained by the WO3/BiVO4 heterojunction
when compared to the pristine materials, which may be assumed to be a
consequence of the better charge separation. To evaluate the charge
carrier dynamics and give support to this hypothesis, transient ab-
sorption spectroscopy (TAS) was performed on WO3, BiVO4, and WO3/
BiVO4 photoanodes. Fig. 5a shows the mΔOD values as a function of the
probe-light wavelength (550–900 nm) in the presence or absence of
applied bias. In the present study, no absorption signal was detected at
wavelength values lower than 550 nm. The first noticeable feature is
the dependence of the mΔOD values on the wavelength of the probe
light. In all cases, the maximum absorption was reached at 650 nm, the
wavelength at which holes were monitored. It is perceptible that the
WO3/BiVO4 heterojunction photoanode has a much higher mΔOD
signal compared to the individual semiconductors, indicating more ef-
fective charge separation. In agreement with Ma et al. [64,65] and
Selim et al. [36], the photogenerated holes are the absorbent species in
this range of wavelength for the WO3 and BiVO4. Since the maximum
absorption value was at 650 nm, this wavelength was set to monitor the
kinetics of the photogenerated holes’ decay as a function of the applied

Fig. 4. (a) Photocurrent as function of the cycles
of pulsed electrodeposition of Bi on WO3–40L.
(b) Linear voltammetry at 5 mV s−1 to WO3-40L
(red line), BiVO4-10L (black line) and WO3-40L/
BiVO4-10L (blue line) under chopped light with
simulated solar light into 0.5 mol L−1

Na2SO4 + 0.1 mol L−1 Na2HPO4 pH 7.0 solu-
tion. (For interpretation of the references to
colour in this figure legend, the reader is referred
to the web version of this article.)
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potential.
To determine the applied potential range in the transient absorption

decays, the photoelectrochemical activity of the photoanodes was
measured under the same electrochemical conditions. However, an
incident monochromatic light source at 450 nm was used. At this wa-
velength, the energy is higher than the bandgap of the WO3 and BiVO4

semiconductors and therefore capable of generating electron-hole pairs.
The linear voltammograms are shown in Fig. S6-1 (Supplementary in-
formation S6). The open-circuit potentials (OCP), the onset potentials
(Eonset) of photocurrents, and the photocurrent at the reversible po-
tential of water oxidation (EO2/H2O) in the experimental conditions are
highlighted in the voltammograms. The chosen potentials aimed to
evaluate the transient absorption decay behavior according to the ap-
plied potential. In all measurements, it was observed that the mΔOD
values were lower under OCP conditions (no bias) compared to the
experiments under applied bias (Fig. 5b-d).

The power-law associated with exponential decay of the transient
absorption was used to fit the data and to obtain the time constant (τ) of
the decay. The equation used for fitting was the same as the one used by
Ma et al. [64,65] and Selim et al. [36] and the kinetic model is con-
siders the transient absorption decay to be a first-order reaction
(Supplementary information S7). The consideration of a first-order re-
action is in agreement with the data shown by Ma et al. [66]. They
found that a change in the order reaction from first- to third-order only
occurred when the hole density at the surface was higher than 1 hole
nm−2, which was reached at higher photocurrent densities. The τ va-
lues at the ms timescale of the transient absorption decays are shown in
Fig. 6. The increase in the τ values as a function of the applied potential
is observed only for the WO3 and WO3/BiVO4 photoanodes. This be-
havior is associated with the charge carrier mobility and the diffusion
length and with the charge recombination kinetics of the materials. The
charge carriers diffusion length and mobility of BiVO4 are both shorter
than that of WO3–charge carriers’ diffusion lengths of 60–100 [67,68]
and 75–500 nm [9,69] respectively; the charge carriers’ mobilities
are ~ 10−2 [70] and ~ 5 cm2 V−1 s−1 [69], respectively. Conse-
quently, the effective charge separation in BiVO4 is lower than in WO3

due to the highest charge recombination for the former. Hence, BiVO4

presents lower τ values than WO3. On the other hand, in the hetero-
structure, the WO3 underlayer works as a charge separator for the
electrons photogenerated at the BiVO4 top layer after the incidence of
the pulsed laser. Thus, the photogenerated charges are efficiently se-
parated by decreasing the charge recombination rate and increasing the
τ value. The external bias works as a driving force for the charge flow,
which increases the charge transport and consequently the τ values. For
a pristine BiVO4 photoanode, no increase in the τ value is observed
upon increasing the applied bias, because charge recombination is
dominant for BiVO4.

The high values of τ for the WO3/BiVO4 heterojunction and the
surface area are in agreement with the high photocurrent observed for
the heterojunction. The formation of the heterostructure is the main

Fig. 5. (a) Transient absorption spectra in
0.1 mol L−1 phosphate buffer + 0.1 mol L−1

Na2SO4 recorded at 200 μs after laser excitation
(337 nm, 150 μJ cm−2 pulse−1, 1 Hz). Transient
absorption kinetic decays of (b) BiVO4 and (c)
WO3 pristine photoanodes, and (d) WO3/BiVO4

heterojunction. The applied potentials are
(black) OCP, (red) Eonset to photocurrent, (blue)
intermediary bias between OCP and reversible
water oxidation, (magenta) 1.23 V vs RHE, and
(green) high overpotential of 1.6 V vs RHE. The
solid lines are the fitting. (For interpretation of
the references to colour in this figure legend, the
reader is referred to the web version of this ar-
ticle.)

Fig. 6. Time constant (τ) as a function of applied potential for photoanodes in
agreement with the power-law decay associated with an exponential decay
fitting. BiVO4 (squares), WO3 (circles), and WO3/BiVO4 (triangles). The empty
symbols are the τ calculated under OCP and the asterisk identify the Eonset of
photocurrent.
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reason for the increase in the photoactivity of the photoanode, not-
withstanding, the pillar-like structure also contributes to enhance its
performance. It is believed that the pillar-like structure works as an
antireflective coverage and the reaction of water oxidation occurs faster
near to the interface between WO3/BiVO4 (at the base of the BiVO4

pillars) than on top of BiVO4 structures. However, it is hard to accuracy
the region where the reaction take place without an in situ technique
for evaluation.

The most impressive observation is the effect of the BiVO4 deposi-
tion method on the photocurrent density by comparing heterojunctions
produced by the previous Bi electrodeposition step with those obtained
by drop-casting and spin-coating (Supplementary Information S8).
Fig. 7 shows that the heterojunction obtained by the previous Bi elec-
trodeposition (WO3/BiVO4_Bi-PED) is ca. 300 times higher than that
obtained by drop-casting methods, that is, (i) using a BiVO4 suspension
(WO3/BiVO4_(drop)) or (ii) using a Bi(NO3)3 solution to produce a BiOx

layer followed by use of NH4VO3 solution to produce a VxOy layer
(WO3/BiVO4_(drop_II)). It is worth mentioning that the volume used in
a drop of the BiVO4 suspension was estimated to be similar to the
quantity of Bi electrodeposited, considering the charge pass during the
electrodeposition step. As the spin-coating is the technique mostly used
for the BiVO4 deposition, here the photoanodes were produced based
on the methodology proposed by Selim et al. [36] (Supplementary
Information S8). The heterojunction produced by the previous Bi
electrodeposition step is ca. 6 times higher than that by spin-coating
(WO3/BiVO4_(spin)). It is clear that the Bi electrodeposition is im-
portant in order to guarantee the formation of a suitable junction be-
tween the WO3 and BiVO4 layer.

Another way to demonstrate the increase of the charge separation
efficiency (ηsep) is the study of photo electrochemical behavior of the
photoanodes in presence of a hole scavenger. So, the influence of Bi pre-
step electrodeposition to build the heterojunction with 100% of cata-
lytic efficiency (ηcat) was evaluated using sodium sulfite [43,55]. The
ηsep and ηcat were determined by using the Eq. (2), where jH O2 is the
photocurrent density measured and jabs is the photon absorption rate

expressed as current density. The jabs is calculated assuming 100% of
absorbed photon-to-current efficiency and was determined from the
light harvesting efficiency (LHE) of the WO3/BiVO4 heterojunction and
pristine WO3 and BiVO4 photoanodes (The details are available in
Supplementary Information S9) [71].

= × ×j j η ηabs sep catH O2 (2)

The jabs calculated were 2.074, 0.864 and 4.487 mA cm−2 to BiVO4,
WO3 and heterojunctions WO3/BiVO4, respectively. In Table 2 are
shown the parameters obtained from the analysis of the photocurrents
generated in the presence and absence of sodium sulfite
(Supplementary Information S10), from which ηcat and ηsep are calcu-
lated as follow:

=η
j

jsep
Na SO

abs

2 3

(3)

=η
j

jcat
H O

Na SO

2

2 3 (4)

In Fig. 8 are shown the ηsep and ηcat at 1.23 V vs RHE calculated to
the photoanodes produced from different methodologies. Among all
methods, the best performance is showed by the heterojunction pro-
duced with the pre-step Bi pulsed electrodeposition (Bi-PED) on WO3.

Fig. 7. Linear voltammograms at 5 mV s−1 obtained with heterojunctions produced by Bi electrodeposition, spin-coating and by drop-casting using different solution
compositions. The experiments were performed in Na2SO4 0.5 mol L−1 + Na2HPO4 0.1 mol L−1 pH 7.0 under solar simulated illumination.

Table 2
Photocurrents obtained from the experiments in the presence and absence of
Na2SO3.

Photoanode jH O2 (mA cm−2) jNa SO2 3 (mAcm−2)

BiVO4 0.025 0.574
WO3 0.195 0.711
WO3/BiVO4_(drop) 0.163 0.363
WO3/BiVO4_(spin) 0.517 0.816
WO3/BiVO4_(Bi-CED) 0.668 1.425
WO3/BiVO4_(Bi-PED) 2.595 3.390
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In fact, is demonstrated that the Bi-PED is better than continuous
electrodeposition (Bi-CED) on WO3, once that the ηsep and ηcat are both
highest to the former. The ηsep observed is 0.76 while the ηcat is 0.77 to
the WO3/BiVO4_(Bi-PED). Although the pristine WO3 present a highest
ηsep (0.82) its ηcat is very low (0.27). Furthermore, this data are in
agreement with the TAS decay study, in which it is observed high time
constant for the heterojunction and the WO3 pristine electrode. In ad-
dition, in Fig. S10-1 is shown the voltammetric profiles of the photo-
anodes into 0.1 mol L−1 sodium phosphate buffer pH 7.0 containing
1.0 mol L−1 Na2SO3 (Supplementary Information S10). In all profiles
are observed an increase of the photocurrent under illumination and
presence of the Na2SO3. However, in low bias, the increment of pho-
tocurrent is larger than at high bias. Despite of this, the heterojunction
WO3/BiVO4_(Bi-PED) shows the smaller improvement at high bias
(Supplementary Information S10, Fig. S10-2).

We believe that the Bi electrodeposition begins with an epitaxial
growth, which assures a certain degree of crystalline continuity in the
first atomic layers. In agreement with the electrodeposition theory, this
process is the cumulative effect of ionic transport, discharge, nuclea-
tion, and growth. Besides, the growth of electrodeposits can be com-
pared to growth from the vapor phase. However, the mechanism of
growth is strongly influenced by the crystalline characteristics of the
substrate surface, such as large number of grains with different or-
ientations, vacancies, dislocations, and adsorbed molecules [72,73].
The electrodeposit growth on polycrystalline substrates is associated
with the formation of two- or three-dimensional nuclei, and its first
stage is the deposition of isolated adatoms and subsequent clustering.
The clusters become stable when they reach a critical size and act as
nucleation centers. The formation of a monolayer is completed as more
adatoms join the stable clusters, and the repetition of this process leads
to the growth of the next layer over the newly grown monolayer. This
mechanism of electrochemical epitaxial growth is supported by the
works of Bao and Kavanagh [74,75] and Svedberg et al. [76] about Bi
and Fe epitaxial electrodeposition on GaAs(1 1 1).

As the growth mechanism by the cluster formation is repeated and
the thickness of the electrodeposit increases, mismatches arise due to
the presence of defects in the substrate; then epitaxial growth is lost.
Anyway, in the locus of contact between the substrate and the elec-
trodeposits, the electrodeposition could ensure better crystalline con-
tinuity and band alignment. Therefore, this study shows that electro-
deposition control of the overlay could be used to improve the
photoactivity of the materials by the enhancement of heterojunction

growth.
The stability of the photoanodes was performed during 2 h of solar

simulated illumination and it is observed a decrease in the photocurrent
for all photoanodes (Supplementary Information S11). The WO3/BiVO4

heterojunction keeps 54% of the initial photocurrent at 1.23 V vs RHE
(1.16 mA cm−2), while the pristine WO3 becomes non-photoactive after
1 h and the BiVO4 increase its photocurrent from 87 to 130 μA cm−2. It
is believed that there is leaching of the WO3 layer from the FTO due to
the pH of the electrolyte. In agreement with Nave et al. [77], at WO3 is
soluble and yields WO4

2− ions at pH 7. Regarding the BiVO4 stability in
the conditions of the experiment, Toma et al. [78] show a chemical
instability associated to attack of its surface under aqueous solution.
This instability is accelerated by illumination, high pH, and applied
anodic bias. The illumination affects the stability of BiVO4 due to the
accumulation of holes at its surface, which destabilize the lattice of the
crystals and cause the dissolution of the material. We believe that the
decreasing in the photocurrent is result of the dissolution of the un-
derneath WO3 layer in addition to partially attack at the surface of
BiVO4. The alternative to minimize the photo corrosion of the hetero-
junction is the deposition of protective layers as Al2O3, which is stable
under the electrolyte pH and applied bias conditions [79]. Another
possibility is the change in the electrolyte composition, as demonstrated
by Lee et al. [53], which used an electrolyte of 1 M potassium borate
buffer pH 9.3 saturated with V2O5. The V(V) soluble in solution is in-
corporated at the oxygen evolution catalysts (FeOOH/NiOOH), never-
theless, the authors point out that further studies are required to better
understand the changes provided by the vanadium addition.

4. Conclusions

The WO3 spray deposition proved to be very effective for producing
a uniform and adherent layer with excellent thickness control. This
feature allowed the formation of heterojunctions with BiVO4 that pre-
sented excelent results for water splitting. An average current of
2.1 ± 0.3 mA cm−2 at 1.23 V vs RHE (Xenon lamp, AM1.5G, 100 mW
cm−2) was reached, which is 35 and 23 times higher than BiVO4 and
WO3 pristine electrodes, respectively. The electrodeposition of metallic
Bi prior to its conversion to BiVO4 enabled the formation of pillar-like
structures that contributed to an increase of the electroactive area due
to nano-texturing of the surface. Interestingly, there is no correlation to
the photocurrent data and the WO3 layer thickness in the pristine
photoanodes and in the heterojunction. For the WO3 pristine photo-
anodes as highest the number of spray depositions highest the photo-
current. However, for the heterojunctions, when the number of Bi
electrodeposition on WO3 layers is the same, the photocurrent observed
to the heterojunction containing 40 sprayed layers of WO3 is higher
than that containing 100 sprayed layers of WO3.

Regarding the BiVO4 deposition, it was observed that the use of a
preceding metallic Bi electrodeposition step ensures a better hetero-
junction with the WO3 layer and consequently the highest photo-
current. This is more evident when the photoactivity of the hetero-
junction produced by the previous Bi electrodeposition step is
compared with those produced by the drop casting and spin-coating
methods for the water oxidation reaction. The former presents an in-
crease of ca. 300 times in relation to drop-casting and 6 times if com-
pared to spin-coating methods. In addition, it was possible to observe
the effective formation of a heterojunction and its effect on the charge
carriers separation, which is effectively increased after the formation of
staggered gap heterostructure (type-II) with a time constant of ap-
proximately 10 ms under an applied potential of 1.23 V vs RHE.
However, an increase in the time constant for WO3/BiVO4 and WO3

photoanodes was observed when the applied potential was higher than
the potential of onset photocurrent. We believe that this occurs due to
the photoactivation of the WO3 layer, which provides more efficient
charge transport than the BiVO4. The use of electrodeposition as a tool
for the production of heterojunctions appears to be an effective method

Fig. 8. Charge separation and catalytic efficiencies at 1.23 V vs RHE for het-
erojunctions produced on WO3 film by pre-step Bi pulsed electrodeposition
(WO3/BiVO4_(PED)); pre-step Bi continuous electrodeposition (WO3/BiVO4_
(CED)); spin-coating of BiVO4 precursor solution (WO3/BiVO4_(spin)); drop-
ping-casting of BiVO4 precursor solution (WO3/BiVO4_(drop)); and for pristine
photoanodes WO3 and BiVO4.
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for the improvement of the junction between two different semi-
conductors. Since this technique is inexpensive, scalable, and easy to
operate, the dissemination of electrodeposition can open new per-
spectives for the production of photoanodes and photocathodes for
water division.
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