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A hole inversion layer at the  
BiVO4/Bi4V2O11 interface produces 
a high tunable photovoltage for 
water splitting
Wayler S. dos Santos1,2, Mariandry Rodriguez1, André S. Afonso1, João P. Mesquita3, 
Lucas L. Nascimento4, Antônio O. T. Patrocínio4, Adilson C. Silva5, Luiz C. A. Oliveira6, 
José D. Fabris2 & Márcio C. Pereira1

The conversion of solar energy into hydrogen fuel by splitting water into photoelectrochemical 
cells (PEC) is an appealing strategy to store energy and minimize the extensive use of fossil fuels. 
The key requirement for efficient water splitting is producing a large band bending (photovoltage) 
at the semiconductor to improve the separation of the photogenerated charge carriers. Therefore, 
an attractive method consists in creating internal electrical fields inside the PEC to render more 
favorable band bending for water splitting. Coupling ferroelectric materials exhibiting spontaneous 
polarization with visible light photoactive semiconductors can be a likely approach to getting higher 
photovoltage outputs. The spontaneous electric polarization tends to promote the desirable separation 
of photogenerated electron- hole pairs and can produce photovoltages higher than that obtained 
from a conventional p-n heterojunction. Herein, we demonstrate that a hole inversion layer induced 
by a ferroelectric Bi4V2O11 perovskite at the n-type BiVO4 interface creates a virtual p-n junction with 
high photovoltage, which is suitable for water splitting. The photovoltage output can be boosted 
by changing the polarization by doping the ferroelectric material with tungsten in order to produce 
the relatively large photovoltage of 1.39 V, decreasing the surface recombination and enhancing the 
photocurrent as much as 180%.

The strategy based on storing solar energy in the form of chemical energy is the envisaged development of tech-
nology in an attempt to prevent or minimize harmful effects on the natural environmental, which has been recog-
nizably accelerated by the large current use of fuels derived from fossil sources. Several recently reported studies 
have been focusing on the development of water-splitting photoelectrochemical (PEC) cells, which consists of 
devices assembled with semiconductor photoelectrodes that operate by using the sunlight radiation for pro-
ducing H2 and O2 through the molecular splitting of water1,2. An input energy of 1.23 V is thermodynamically 
required for such a water splitting reaction and photoelectrodes with bandgap energies below 2.5 eV are needed 
for an efficient use of sunlight radiation3. To meet the best working conditions, the band edges potentials at the 
semiconductor surfaces must straddle the H2 and O2 redox potentials, the electrodes should be chemically stable 
regarding the photocorrosion, and the charge transfer from the surface of the semiconductor to the solution must 
be efficient enough to minimize the energy losses due to kinetics overpotentials3,4. To date, no known single mate-
rial has intrinsic properties satisfying all these requirements. Coupling materials with synergic properties could 
be the most suitable way to design and build efficient photoelectrodes5. For example, it has been reportedly shown 
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that coupling cocatalysts6,7, charge collectors8, and homo- or heterojunctions9–12 can improve the photocatalytic 
performance of nanomaterials.

In the more recent years, the n-type BiVO4 semiconductor has been widely studied as a photoanode in 
water-splitting PEC cells taking into account that it is composed of chemical elements that are relatively abundant 
on Earth, has a short bandgap energy (2.5 eV), its valence band is suitably positioned towards the water oxida-
tion, and its conduction band is also suitably placed close to the H2 evolution potential13. However, the primary 
challenge for improving such photoactive BiVO4 consists in minimizing the fast electron-hole recombination due 
to the slow electron transport in BiVO4. Consequently, extremely low photovoltages (typically, Vph <​ 0.6 V) have 
been reported for BiVO4

14,15.
The more common strategy to increase the photoactivity of BiVO4 is based on the formation of p-n hetero-

junctions. Various p-n heterojunctions such as BiOI/BiVO4
16,17, BiOCl/BiVO4

18, Bi2O3/BiVO4
19,20, NiO/BiVO4

21, 
Si/BiVO4

22, CuO/BiVO4
23, Cu2O/BiVO4

24, Ag2O/BiVO4
25, and Co3O4/BiVO4

26 have been proven to be an efficient 
method for keeping electron-hole pairs separated due to the built-in potential produced by the heterojunction. 
However, those mentioned p-type semiconductors are either unstable in water under oxidizing conditions or 
unable to absorb a wider visible light range than BiVO4, thus limiting its application on photoelectrochemical 
water splitting.

The water splitting process in PEC cells is driven by the band edge pinning effect, in which the band edge 
positions of a semiconductor are pinned about the water redox potential. Thus, the height of band bending and 
consequently, the Vph can be estimated by the difference between the flatband potential (Vfb) of the semiconductor 
and the chemical potential of the targeted reaction in water27. Regarding the BiVO4, the maximum theoretical 
photovoltage for the water oxidation is approximately 1.23 V based on its flatband potential of about 0 VRHE

7,13. 
However, that theoretical Vph value has not been reached up to now. We understand that the surface electronic 
states result in the pinning of the Fermi level of BiVO4, which decreases the experimental Vph about the theoreti-
cal value28. To solve this, we can introduce internal electrical fields through ferroelectric polarization method by 
forming buried semiconductor/ferroelectric semiconductor heterojunctions.

For this purpose, in this study we made a heterojunction by coupling BiVO4 with Bi4V2O11 (Fig. 1), which is 
an n-type layered semiconductor that exhibits strong polar responses due to its polarized oxygen deficient per-
ovskite slabs (i.e., (VO3.5 0.5)2−; = anionic vacancy)29,30. When the ferroelectric Bi4V2O11 is coupled to the BiVO4, 
its spontaneous electrical polarization generates a sufficiently high electric field that produces an inversion layer 
at the BiVO4/Bi4V2O11 interface (Fig. 1a), thus resulting in an increased band bending, enhancing the charge gen-
eration and the separation efficiency. By this approach, BiVO4 is the light-absorbing material for generating the 
electron-hole pairs, whereas the ferroelectric Bi4V2O11 perovskite plays the role of absorbing light and creating a 
built-in electric field to separate the photogenerated charges, inducing the carrier transport. A key advantage of 
the BiVO4/Bi4V2O11 coupling junction is the appropriate energy band alignment (Fig. 1b), which facilitates the 
current flow31. We have shown that the photovoltage was readily tuned by doping the BiVO4/Bi4V2O11 hetero-
junction with tungsten ions. As a result, the photovoltage and photocurrent were enhanced as much as 83% and 
180%, respectively.

Results
Photoelectrode synthesis and characterization.  The XRD pattern of the sample Bi4V2O11 (Fig. S1a)  
confirmed the presence of Bi4V2O11 (a =​ 5.5479(5) Å, b =​ 5.5522(1) Å, and c =​ 15.4665(2) Å) without any impu-
rity, while characteristics peaks of BiVO4 (a =​ 5.1808(2) Å, b =​ 5.0915(1) Å and c =​ 11.6801(1) Å) could be 
observed in Fig. S1b. The SnO2 peaks seen in the XRD patterns of these samples are due to fluorine-doped tin 
oxide (FTO). The BiVO4/Bi4V2O11 heterojunction prepared through the Pechini method was deposited onto FTO 
glass covered with SnO2 to act as a passivating layer by using the spray pyrolysis method as previously elsewhere 
reported32. The XRD pattern of the sample labeled W0 (sample of the undoped heterojunction) (Fig. S1c) revealed 
that the as-prepared film is constituted by the monoclinic scheelite BiVO4 phase (a =​ 5.1811(2) Å, b =​ 5.0912(1) Å 
and c =​ 11.6807(1) Å) and the orthorhombic Bi4V2O11 (a =​ 5.5488(5) Å, b =​ 5.5520(1) Å, and c =​ 15.4670(2) Å). 
To increase the photovoltage and facilitate the photocurrent, the tungsten was used as a dopant into the BiVO4/
Bi4V2O11 film (sample labeled W1)33. The successful structural doping with W into the films was confirmed 
by the Rietveld analysis of the XRD data, which indicated the expanded unit cells for the W-doped BiVO4 
(a =​ 5.1853(2) Å, b =​ 5.0931(2) Å and c =​ 11.6823(4) Å) and W-doped Bi4V2O11 (a =​ 5.5495(7) Å, b =​ 5.5528(1) 
and c =​ 15.4673(9) Å) (Fig. S1d). The quantitative Rietveld analysis showed that both heterojunctions are formed 
by 52 wt.% BiVO4 and 48 wt.% Bi4V2O11.

SEM images of the heterojunctions (Fig. S2) revealed the formation of BiVO4/Bi4V2O11 islands with a highly 
porous fiber-like morphology. The thickness of both heterojunction films determined by cross-sectional SEM was 
9 μ​m (Fig. S3). The EDS mapping (Fig. S4) showed the uniformly distributed Bi and V elements throughout the 
films. In addition to Bi and V, it was also detected a homogeneous distribution of W all over the W1 heterojunc-
tion. The W content in the film was in average 1.2(3) wt.%, as determined by XRF analysis.

The DRS spectra (Fig. S5a) showed that the films absorb radiation over a wide range of wavelengths, from 
the UV to the visible regions of the optical spectrum. The optical band gap energies (Fig. S5b) estimated for the 
BiVO4 and Bi4V2O11 in the undoped heterojunction were 2.53 and 2.42 eV, respectively. This means that both 
components of the heterojunction can be excited by visible light to produce reactive species for the water splitting. 
The band gap energies of BiVO4 and Bi4V2O11 in the W-doped sample (W1 in the Fig. S5) are similar to those of 
the non-doped heterojunction. No visible impurity absorption exists as the W doping energy levels are shallow34.

Photoelectrochemical performance.  The current-potential curves presented in Fig. 2 clearly shows 
that the W doping of the BiVO4/Bi4V2O11 heterojunction improved the observed photocurrent of the photo-
electrode under visible light (λ​ >​ 450 nm). Photocurrent values at 1.23 VRHE were 0.05 and 0.14 mA cm−2 



www.nature.com/scientificreports/

3Scientific Reports | 6:31406 | DOI: 10.1038/srep31406

for the W0 and W1 heterojunctions, respectively. It has been reported that the replacement of V sites by W 
as dopant eliminates the hole traps and extend the electron lifetime, thus significantly increasing the photo-
current33. Indeed, the longer electron lifetime reflects the slower recombination process in W1 than W0 film 
(Fig. S6). Interestingly, the photocurrent values obtained with the BiVO4/Bi4V2O11 heterojunctions were signif-
icantly higher than those with pristine BiVO4 (0.012 mA cm−2) or Bi4V2O11 (9 ×​ 10−5 mA cm−2) at 1.23 V vs. 
RHE (Fig. 2), indicating that the heterojunction formation enhances the charge separation and consequently 
the photocurrent. Corroborating to these data, the electrochemical impedance analysis (Fig. S7) showed that the 
hole-transfer resistance across the heterojunction-electrolyte interface is significantly smaller than those of pris-
tine BiVO4 and Bi4V2O11, pointing out that the charge transfer processes on the BiVO4/Bi4V2O11 heterojunction 
are faster than those occurring on the surface of the individual components. Additionally, the charge transfer 
resistance across the W-doped heterojunction-electrolyte interface is approximately one-seventh relatively to the 
non-doped heterojunction, implying that the W doping can also significantly improve the charge transfer across 
the heterojunction-electrolyte interface. In other words, the charge transfer from the near surface region of the 
W-doped BiVO4/Bi4V2O11 heterojunction to the redox species on the surface is kinetically faster. Thus, as the 
charge transfer process becomes faster, it can efficiently minimize the electron-hole recombination at the BiVO4/
Bi4V2O11 surface. As a result, the half-cell solar-to-hydrogen efficiency (HC-STH)35 in a three-electrode setup 
was substantially increased after the heterojunction formation and W-doping treatment. The HC-STH values at 
0.85 VRHE for the bare BiVO4, Bi4V2O11, W0, and W1 films were 0.06, 0.00, 0.27 and 0.60%, respectively (Fig. S8). 
The incident photon-to-current efficiency (IPCE) spectra in a two-electrode setup for front-side illuminated W0 
and W1 heterojunction at the potential of 0 VPt (Fig. 3) showed a steady increase from 500 to 350 nm. The IPCE 
for the W1 film reached 2.6% at 450 nm with a maximum of 4.5% at 350 nm. On the other hand, the IPCE for the 
W0 film was significantly lower, reaching 1.0% at 450 nm and 1.4% at 340 nm at 0 VPt.

Figure 1.  (a) The internal electrical field generated by the ferroelectric Bi4V2O11. Schematic drawing of 
n-BiVO4/ferroelectric n-Bi4V2O11 heterojunction with a polarization-induced inversion layer, and (b) Band 
alignment. Schematic illustration of BiVO4/Bi4V2O11 band alignment.
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Open-circuit potential measurements.  To better understand the effect of the heterojunction and W as 
a doping element on the enhancement of the photocurrent, we have tried to estimate the onset potential (Von) for 
each photoelectrode36. The Von value for the pristine BiVO4 was 0.50 VRHE, whereas the heterojunction formation 
and W doping led to an increase of the Von value. The Von of 0.54 VRHE was obtained for the W0 photoelectrode; 
after the W-doping, the Von reached 0.66 VRHE (Fig. S9). These trends are opposite to those obtained by elec-
trochemical impedance (Fig. S7), which clearly showed that the W-doping into BiVO4/Bi4V2O11 significantly 
enhances the kinetics of charge transfer across the semiconductor-electrolyte interface by reducing the kinetic 
overpotentials. It suggests that the current vs. potential measurements are not suitable for quantitative analysis, 
as the change in Von may be affected for both kinetics (reduction in kinetics overpotentials) and thermodynamic 
(increase in Vph) factors37. To evaluate which factor plays a more important role on improving the photocurrent, 
we then measured the open-circuit potential (OCP) in the dark and under visible light. It enabled us to probe 
the resting potentials at zero net exchange photocurrents, where the kinetic factors are negligible37. The differ-
ence between the measured potential in light and that in the dark led to the Vph. Hence, the pristine BiVO4 and 
Bi4V2O11 produced photovoltages of 0.11 and 0.13 V respectively, whereas the W0 and W1 heterojunctions gave 
the significantly higher photovoltages of 0.76 and 1.39 V, respectively (Fig. 4). The enlarged band bending at 

Figure 2.  Photoelectrochemical characteristic of the photoelectrodes. Current-potential curves for the 
W0 and W1 films. Measurement conditions: active area of 1.0 cm2, 0.5 M Na2SO4 electrolyte (pH =​ 6.6), 
Light Source: White Light (λ​ >​ 450 nm, 5 mW cm−2), scan rate of 20 mV s−1 from low to high potential, front 
illumination for both photoanodes.

Figure 3.  The incident photon-to-current efficiency. IPCE spectra of the W0 and W1 heterojunctions at 0 V 
vs. Pt in 0.5 M Na2SO4 electrolyte.
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the BiVO4/Bi4V2O11 heterojunctions represent the enhanced electron-hole separation in the photoelectrodes. 
These data suggest that the heterojunction formation is essential to obtain high photovoltages. Moreover, the 
significant increase of 83% of the photovoltage value, compared to the non-doped heterojunction suggests that 
the W-doping treatment changes the BiVO4/Bi4V2O11 interface, thus increasing the degree of band bending. It 
is worth to note that the OCP in the dark usually reflects the upward band bending nature of the photoanode in 
dark equilibrium with the electrolyte. However, the significantly more positive OCPdark values (1.8 V vs. RHE) 
were obtained with the heterojunctions, suggesting that the surface states of the BiVO4/Bi4V2O11 heterojunction 
were passivated to unpin the Fermi levels. As a result, an enlarged band bending was produced after the het-
erojunction formation. Furthermore, the obtained photovoltages were much higher than that predicted by the 
Schottky-Mott rule (0.61 V)38 owing to the formation of an interface dipole at the n-n BiVO4/Bi4V2O11 hetero-
junction, suggesting that the photovoltage generation by a simple n-n heterojunction is not the primary process 
governing the photovoltage.

Mott-Schottky data.  To gain more insights into the factors that improved the photovoltage, we investigated 
the electronic characteristics of the BiVO4/Bi4V2O11 heterojunction using electrochemical impedance spectro-
scopic, and the Mott-Schottky equation was used to evaluate the type of conductivity of the heterojunctions. 
Figure 5 shows the capacitance values of the space charge region obtained at various frequencies (1, 10 and 
100 Hz). According to the Mott-Schottky equation, a linear relationship of 1/C2 versus applied potential achieved 
in Fig. 5 displayed straight lines with positive slopes for all the studied frequencies, which corresponds to deple-
tion regions typical of n-type semiconductors. In this case, the photogenerated holes can be spontaneously driven 
to the BiVO4/Bi4V2O11 surface by the band bending in the space-charge layer, that is, where the electrode can 
act as a photoanode. Remarkably, in addition to the positive slopes, a region with a negative slope at sufficiently 
anodic voltages of the flatband potential was also observed in the W0 and W1 heterojunctions. It corresponds to a 
positively charged inversion layer, at which holes are the majority at the BiVO4/Bi4V2O11 interface. The inversion 
layer phenomenon was not detected in the single BiVO4 and Bi4V2O11, which suggests that this process may be 
occurring at the heterojunction interface. It reveals that in the inverted layer, the BiVO4/Bi4V2O11 heterojunctions 
can work as a photocathode. Therefore, the behavior of the films as photocathodes was also analyzed. Indeed, it 
was verified through the current-potential curves (Fig. S10) that both non-doped and W-doped BiVO4/Bi4V2O11 
heterojunctions exhibited photoresponses that are typical of p-type semiconductors at cathodic potentials. The 
photocurrent values at 0 VRHE for the W0 and W1 films were −​0.03 and −​0.14 mA cm−2, respectively. On the other 
hand, the pristine Bi4V2O11 and BiVO4 exhibited smaller photocurrent values of −​0.004 and −​0.010 mA cm−2  
respectively, indicating that the p-type behavior of the photoelectrodes is typical of the heterojunction.

Discussion
Given the above results, we suggest that the high photovoltages generated by the BiVO4/Bi4V2O11 heterojunctions 
may be assigned to the strong inversion layer at the BiVO4/Bi4V2O11 interface. The self-polarization due to the 
existence of (VO3.5 0.5)2− layers in Bi4V2O11 creates a sufficiently high internal polar electric field to produce a hole 
inversion layer at the BiVO4/Bi4V2O11 interface, as verified from the Mott-Schottky data. The internal surface 
dipole on the Bi4V2O11 increases the local vacuum level at the heterojunction interface, thus changing the energy 
needed to extract an electron from the semiconductor into the vacuum and, therefore, can be thought of as alter-
ing the ionization potential, electron affinity, and the work function of the semiconductor. When the Bi4V2O11 
containing dipole moments is brought into intimate contact with the BiVO4, it is the difference between the 
effective work functions of the two that is the driving force for achieving electronic equilibrium via charge trans-
fer between them and the creation of a space charge region within the heterojunction. Thus, charges of the same 

Figure 4.  Photovoltage generated by the photoelectrodes. Open circuit potential measurements of BiVO4, 
Bi4V2O11, W0, and W1 photoelectrodes. Measurement conditions: active area of 1.1 cm2, 0.5 M Na2SO4 
electrolyte (pH =​ 6.6), light source: white light (λ​ >​ 450 nm, 5 mW cm−2).
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polarity will be repelled from the heterojunction interface whereas those of the opposite polarity will be attracted 
to it (Fig. 1). Hence, if the ferroelectric Bi4V2O11 is in contact with the n-type BiVO4, majority electrons will be 
depleted from the BiVO4/Bi4V2O11 interface, while minority holes will be attracted to it, thus inverting its conduc-
tivity to p+ (p+ denotes highly doped semiconductors compared with p used for low/moderately doped one). As 
a consequence, a virtual p-n junction similar to the p-n junction occurring in a metal-insulating-semiconductor 
(MIS)39, can be observed. This is in agreement with the photoanodic and photocathodic behavior exhibited by the 
BiVO4/Bi4V2O11 heterojunction and Mott-Schottky data, which revealed typical characteristics of n- and p-type 
semiconductors. Because of that, photogenerated charges can be more efficiently separated by the virtual p-n 
heterojunction, thus providing high photovoltages. It is worth to note that the net photovoltage strongly depends 
on the polarization in Bi4V2O11, which can be efficiently tuned by creating oxygen vacancies and strain through 
W-doping into its structure. Additionally, the inversion layer has been shown to decrease the impact of surface 
trap states, thus reducing the surface recombination and consequently increasing the observed photocurrent40.

In summary, this work addresses a central topic on water splitting into PEC cells related to the low photovolt-
ages generated by semiconductors. We have shown that the self-polarization of Bi4V2O11 perovskite creates an 
internal electrical field, which induces the formation of a hole inversion layer at the BiVO4/Bi4V2O11 interface. 
Because of that, a virtual p-n junction was formed at the BiVO4/Bi4V2O11 interface and consequently a high pho-
tovoltage was produced. The self-polarization effect was tuned by doping the ferroelectric material with W and, 
therefore, an increase of 83% in the generated photovoltage was developed as compared to the undoped hetero-
junction. Because the high photovoltage can promote an enhanced charge separation at the photoelectrodes, an 
increase of 180% in the photocurrent compared to the undoped heterojunction was achieved. We hope that the 
approach described here may enable the design of practical photoelectrodes based on earth-abundant semicon-
ductors with high photovoltage and enhanced charge separation for water splitting.

Methods
Preparation of the precursor solution.  All chemicals were used as received without further purifi-
cation. Ten millimoles of ammonium metavanadate (NH4VO3, 99%) were dissolved in 50 mL of 174.2 mmol 
NH4OH (24.5%) to get the solution “A”. In another recipient, 10 mmol of Bi(NO3)3·5H2O was dissolved in 50 mL 
of 174.2 mmol CH3COOH (99.7%), producing the solution “B”. Both the solutions were stirred separately under 
heating at 80 °C to form stable and homogeneous solutions. Then, the solution A and B were mixed under stir-
ring at 80 °C for 90 min. Next, 40 mmol citric acid was added to the mixture, and the resultant solution was kept 
standing for 24 h. The solution was then diluted with 100 mL deionized water and heated at 80 °C until the solu-
tion became light blue. This homogeneous solution was used as a precursor for preparing the photoelectrodes. 
Tungsten doped sample was achieved by a similar way as described above, except by the addition of ammonium 
metatungstate solution to the solution “A”.

Preparation of the photoelectrodes.  Transparent conductive FTO-coated glass (10 mm ×​ 30 mm ×​  
2 mm, 16 Ω cm−2) were used as substrates for the deposition of the films. Before the films deposition onto FTO, 
the substrate surface was cleaned in an ultrasonic bath using acetone and ethanol each for 15 min. After the clean-
ing procedure, the substrates were dried in a furnace at 120 °C for 1 h. Then, a SnO2 passivating layer was depos-
ited onto FTO. Briefly, 0.4513 g SnCl2·2H2O was dissolved in 50 mL ethanol (99.8%) and 2 drops of CH3COOH 
(99.7%). This solution was sprayed down using a commercial airbrush (0.3 mm nozzle) directly onto the FTO 
glass onto FTO at 300 °C at a distance of 20 cm, with 2 cycles of spray deposition for 5 s each cycle. Films were 
subsequently annealed in air in a muffle furnace at 450 °C for 2 h, to produce a SnO2 layer. Finally, the precursor 

Figure 5.  Inversion layer detected by Mott-Schottky plots. Variation of capacitance (C) with the applied 
potential in 0.5 M Na2SO4 (pH =​ 6.6) presented in the Mott-Schottky relationship for the films BiVO4, Bi4V2O11, 
W0, and W1 at different frequencies.
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solutions were sprayed down onto the FTO glass at a temperature of 300 °C at a distance of 20 cm. 1 cycle of spray 
with 5 s time deposition was used. The films were subsequently annealed in air in a muffle furnace at 500 °C 
for 5 h to produce the undoped BiVO4/Bi4V2O11 (sample W0) and W-doped BiVO4/Bi4V2O11 (sample W1) 
photoelectrodes.

Characterization.  The morphology of films was investigated by scanning electron microscopy (SEM) using 
a tabletop SEM (Hitachi TM −​ 300). EDS mapping was obtained in a SwiftED3000 (Oxford Instruments) at 
15 kV accelerating voltage. The crystalline phases of the films were determined using an X-ray diffractometer 
(XRD 6000, Shimadzu). The data were collected from 10 to 80o 2θ​ at a step width of 0.2o, 10 s per step, at 40 kV, 
200 mA, and CuKα​ radiation (λ​ =​ 1.540560 Å). Silicon was used as an external standard. The Rietveld structural 
refinement was performed with FullProf_Suite 2015 software. The diffuse reflectance spectra were collected with 
a UV-Vis spectrophotometer (Shimadzu UV 2700). Teflon was used as reference material (100% transmission). 
The direct bandgap energies were calculated by the following Tauc equation (1):

α = −v v( h ) A(h E ) (1)
2

g

where A =​ constant, hν​ =​ light energy, Eg =​ optical bandgap energy, α​ =​ measured absorption coefficient.

Photoelectrochemical measurements.  The photoelectrochemical measurements were carried out with 
a potentiostat (AUTOLAB Potentiostat-Galvanostat PGSTAT 128 N) using a standard three-electrode cell with an 
Ag/AgCl (3.0 M KCl) reference electrode, a platinum wire as a counter electrode, a working electrode with irradi-
ation area of 1.1 cm2, and a scan rate of 20 mV s−1. A 0.5 M Na2SO4 aqueous solution (pH =​ 6.6) was used as elec-
trolyte. The prepared films were connected to a copper tape to measure the photoactivity. The current-potential 
curves were recorded in the dark and under a white light LED (light intensity of 5 mW cm−2, λ​ >​ 450 nm). For 
converting the obtained potential vs. Ag/AgCl to RHE, the equation (2) was used:

= + . +E E 0 059pH E (2)RHE Ag/AgCl Ag/AgCl
o

The Eo
Ag/AgCl (3 M KCl) =​ 0.197 at 25 °C.

Electrochemical impedance spectroscopy.  The electrochemical impedance spectroscopy was per-
formed using an AUTOLAB Potentiostat-Galvanostat PGSTAT 128 N equipped with the FRA32M module. 
The Nyquist plots were measured at 0.7 V vs. Ag/AgCl with an AC amplitude of 20 mV, frequency of 100 kHz−​
100 mHz under a white light LED ((light intensity of 5 mW cm−2, λ​ >​ 450 nm). The measured spectra were fitted 
using the NOVA 1.11 software. The 0.5 M Na2SO4 solution was utilized for the all electrochemical measurements.

Mott-Schottky data acquisition is a usual way for the electrochemical characterization of semiconductor mate-
rials. The spectra were collected using an AUTOLAB Potentiostat-Galvanostat PGSTAT 128 N equipped with the 
FRA32M module, and a cell configuration with three electrodes: a reference electrode of Ag/AgCl (3, 0 M KCl), 
a platinum as counter electrode wire and a working electrode (W0 or W1) with 1.0 cm2 irradiation area under 
white light LED (light intensity of 5 mW cm−2, λ​ >​ 450 nm), applying potential −​0.6 V to +​0.65 V vs. Ag/AgCl 
in the frequency range of 1 to 100 Hz. The measured spectra were fitted using the NOVA 1.11 software. The 0.5 M 
Na2SO4 solution was utilized for the all electrochemical measurements.

IPCE measurements.  Incident photon-to-current efficiency (IPCE) spectra were determined from photo-
current measurements, and the equation (3) was used:

=
λP

IPCE
(1240 eV nm)I

(3)
ph

irr

where, Iph is the photocurrent density in mA cm−2, l is the irradiation wavelength of the incident light in nm, and 
Pirr is the incident photon flux in mW cm−2. In these experiments, the excitation was obtained by a 300 W xenon 
lamp in a Newport/Oriel housing, which was passed through a Newport/Oriel Cornerstone 260 monochromator 
to produce monochromatic light with a bandwidth of 10 nm. Photon flux was measured with a Newport 1919-R 
power meter equipped with an 818-UV/DB sensor before and after photocurrent measurements to ensure sta-
bility and reproducibility. Photo-action spectra were acquired at 10 nm intervals between 320 and 500 nm for the 
bared and W-doped BiVO4/Bi4V2O11 films immersed in 0.5 M Na2SO4 solution and using a platinized FTO as the 
counter electrode. The photoanode and the counter-electrode were mounted in a sandwich-like setup, using an 
inert polymer (50 μ​m Dupont Surlyn) as a spacer. The space between the electrodes was fulfilled by the electrolyte 
using a vacuum.

References
1.	 Peter, L. M. & Upul Wijayantha, K. G. Photoelectrochemical water splitting at semiconductor electrodes: Fundamental problems 

and new perspectives. ChemPhysChem 15, 1983–1995, doi: 10.1002/cphc.201402024 (2014).
2.	 Ager, J. W., Shaner, M. R., Walczak, K. A., Sharp, I. D. & Ardo, S. Experimental demonstrations of spontaneous, solar-driven 

photoelectrochemical water splitting. Energy Environ. Sci. 8, 2811–2824, doi: 10.1039/c5ee00457h (2015).
3.	 Li, J. & Wu, N. Semiconductor-based photocatalysts and photoelectrochemical cells for solar fuel generation: A review. Catal. Sci. 

Technolog. 5, 1360–1384, doi: 10.1039/c4cy00974f (2015).
4.	 Smith, W. A., Sharp, I. D., Strandwitz, N. C. & Bisquert, J. Interfacial band-edge energetics for solar fuels production. Energy Environ. 

Sci. 8, 2851–2862, doi: 10.1039/c5ee01822f (2015).
5.	 Moniz, S. J. A., Shevlin, S. A., Martin, D. J., Guo, Z. X. & Tang, J. Visible-light driven heterojunction photocatalysts for water 

splitting-a critical review. Energy Environ. Sci. 8, 731–759, doi: 10.1039/c4ee03271c (2015).



www.nature.com/scientificreports/

8Scientific Reports | 6:31406 | DOI: 10.1038/srep31406

6.	 De Respinis, M. et al. Solar water splitting combining a BiVO4 light absorber with a ru based molecular cocatalyst. J. Phys. Chem. C 
119, 7275–7281, doi: 10.1021/acs.jpcc.5b00287 (2015).

7.	 Park, Y., McDonald, K. J. & Choi, K. S. Progress in bismuth vanadate photoanodes for use in solar water oxidation. Chem. Soc. Rev. 
42, 2321–2337, doi: 10.1039/c2cs35260e (2013).

8.	 Ng, Y. H., Iwase, A., Kudo, A. & Amal, R. Reducing Graphene Oxide on a Visible-Light BiVO4 Photocatalyst for an Enhanced 
Photoelectrochemical Water Splitting. Journal of Physical Chemistry Letters 1, 2607–2612, doi: 10.1021/jz100978u (2010).

9.	 Abdi, F. F. et al. Efficient solar water splitting by enhanced charge separation in a bismuth vanadate-silicon tandem photoelectrode. 
Nat. Commun. 4, 7, doi: 10.1038/ncomms3195 (2013).

10.	 Su, J., Guo, L., Bao, N. & Grimes, C. A. Nanostructured WO3/BiVO4 heterojunction films for efficient photoelectrochemical water 
splitting. Nano Lett. 11, 1928–1933, doi: 10.1021/nl2000743 (2011).

11.	 Huang, H. et al. In situ assembly of BiOI@Bi12O17Cl2 p-n junction: Charge induced unique front-lateral surfaces coupling 
heterostructure with high exposure of BiOI {001} active facets for robust and nonselective photocatalysis. Appl. Catal. B Environ. 
199, 75–86, doi: 10.1016/j.apcatb.2016.06.020 (2016).

12.	 Huang, H., Xiao, K., Liu, K., Yu, S. & Zhang, Y. In Situ Composition-Transforming Fabrication of BiOI/BiOIO3 Heterostructure: 
Semiconductor p-n Junction and Dominantly Exposed Reactive Facets. Cryst. Growth Des. 16, 221–228, doi: 10.1021/acs.
cgd.5b01101 (2016).

13.	 Huang, Z. F., Pan, L., Zou, J. J., Zhang, X. W. & Wang, L. Nanostructured bismuth vanadate-based materials for solar-energy-driven 
water oxidation: a review on recent progress. Nanoscale 6, 14044–14063, doi: 10.1039/c4nr05245e (2014).

14.	 Li, T. F., He, J. F., Pena, B. & Berlinguette, C. P. Curing BiVO4 Photoanodes with Ultraviolet Light Enhances Photoelectrocatalysis. 
Angew. Chem.-Int. Edit. 55, 1769–1772, doi: 10.1002/anie.201509567 (2016).

15.	 Ma, Y. M., Pendlebury, S. R., Reynal, A., Le Formal, F. & Durrant, J. R. Dynamics of photogenerated holes in undoped BiVO4 
photoanodes for solar water oxidation. Chem. Sci. 5, 2964–2973, doi: 10.1039/c4sc00469h (2014).

16.	 Ye, K. H. et al. BiOI-BiVO4 photoanodes with significantly improved solar water splitting capability: P-n junction to expand solar 
adsorption range and facilitate charge carrier dynamics. Nano Energy 18, 222–231, doi: 10.1016/j.nanoen.2015.10.018 (2015).

17.	 Huang, H., He, Y., Du, X., Chu, P. K. & Zhang, Y. A General and Facile Approach to Heterostructured Core/Shell BiVO4/BiOI p-n 
Junction: Room-Temperature in Situ Assembly and Highly Boosted Visible-Light Photocatalysis. ACS Sustainable Chem. Eng. 3, 
3262–3273, doi: 10.1021/acssuschemeng.5b01038 (2015).

18.	 He, Z. et al. BiOCl/BiVO4 p-n heterojunction with enhanced photocatalytic activity under visible-light irradiation. J. Phys. Chem. C 
118, 389–398, doi: 10.1021/jp409598s (2014).

19.	 Ye, K. H. et al. Facile synthesis of bismuth oxide/bismuth vanadate heterostructures for efficient photoelectrochemical cells. RSC 
Adv. 5, 34152–34156, doi: 10.1039/c5ra03500g (2015).

20.	 Han, M. et al. m-BiVO4@γ​-Bi2O3 core-shell p-n heterogeneous nanostructure for enhanced visible-light photocatalytic performance. 
RSC Adv. 3, 24964–24970, doi: 10.1039/c3ra42870b (2013).

21.	 Xie, S. et al. NiO decorated Mo:BiVO4 photoanode with enhanced visible-light photoelectrochemical activity. Int J Hydrogen Energy 
39, 4820–4827, doi: 10.1016/j.ijhydene.2014.01.072 (2014).

22.	 Yang, Y. et al. Photochemical Charge Separation at Particle Interfaces: The n-BiVO4-p-Silicon System. ACS Appl. Mater. Interfaces 7, 
5959–5964, doi: 10.1021/acsami.5b00257 (2015).

23.	 Wang, W. et al. P-n junction CuO/BiVO4 heterogeneous nanostructures: Synthesis and highly efficient visible-light photocatalytic 
performance. Dalton Trans. 43, 6735–6743, doi: 10.1039/c3dt53613k (2014).

24.	 Wang, W. et al. Preparation of p-n junction Cu2O/BiVO4 heterogeneous nanostructures with enhanced visible-light photocatalytic 
activity. Appl. Catal. B Environ. 134–135, 293–301, doi: 10.1016/j.apcatb.2013.01.013 (2013).

25.	 Li, J., Cui, M., Guo, Z., Liu, Z. & Zhu, Z. Preparation of p-n junction BiVO4/Ag2O heterogeneous nanostructures with enhanced 
visible-light photocatalytic activity. Mater Lett 151, 75–78, doi: 10.1016/j.matlet.2015.03.078 (2015).

26.	 Long, M., Cai, W. & Kisch, H. Visible light induced photoelectrochemical properties of n-BiVO4 and n-BiVO4/p-Co3O4. J. Phys. 
Chem. C 112, 548–554, doi: 10.1021/jp075605x (2008).

27.	 Dai, P. C. et al. Forming Buried Junctions to Enhance the Photovoltage Generated by Cuprous Oxide in Aqueous Solutions. Angew. 
Chem.-Int. Edit. 53, 13493–13497, doi: 10.1002/anie.201408375 (2014).

28.	 Trzesniewski, B. J. & Smith, W. A. Photocharged BiVO4 photoanodes for improved solar water splitting. J. Mater. Chem. A 4, 
2919–2926, doi: 10.1039/c5ta04716a (2016).

29.	 Prasad, K. V. R. & Varma, K. B. R. Pyroelectric properties of BI2VO5.5 ceramic. J. Phys. D-Appl. Phys. 24, 1858–1860, doi: 
10.1088/0022-3727/24/10/022 (1991).

30.	 Lu, Y. T. et al. On structure and methylene blue degradation activity of an Aurivillius-type photocatalyst of Bi4V2O11 nanoparticles. 
Appl. Surf. Sci. 347, 719–726, doi: 10.1016/j.apsusc.2015.04.164 (2015).

31.	 Lv, C. D. et al. Realizing nanosized interfacial contact via constructing BiVO4/Bi4V2O11 element-copied heterojunction nanofibres 
for superior photocatalytic properties. Appl. Catal. B-Environ. 179, 54–60, doi: 10.1016/j.apcatb.2015.05.022 (2015).

32.	 dos Santos, W. S. et al. Photoelectrochemical water oxidation over fibrous and sponge-like BiVO4/beta-Bi4V2O11 photoanodes 
fabricated by spray pyrolysis. Appl. Catal. B-Environ. 182, 247–256, doi: 10.1016/j.apcatb.2015.09.034 (2016).

33.	 Pattengale, B., Ludwig, J. & Huang, J. Atomic Insight into the W-Doping Effect on Carrier Dynamics and Photoelectrochemical 
Properties of BiVO4 Photoanodes. J. Phys. Chem. C 120, 1421–1427, doi: 10.1021/acs.jpcc.5b11451 (2016).

34.	 Yin, W. J., Wei, S. H., Al-Jassim, M. M., Turner, J. & Yan, Y. Doping properties of monoclinic BiVO4 studied by first-principles 
density-functional theory. Phys. Rev. B Condens. Matter Mater. Phys. 83, doi: 10.1103/PhysRevB.83.155102 (2011).

35.	 Zhang, L. et al. Durable hydrogen evolution from water driven by sunlight using (Ag,Cu)GaSe2 photocathodes modified with CdS 
and CuGa3Se5. Chem. Sci. 6, 894–901, doi: 10.1039/c4sc02346c (2015).

36.	 Khan, S. U. M. & Akikusa, J. Photoelectrochemical splitting of water at nanocrystalline n-Fe2O3 thin-film electrodes. J. Phys. Chem. 
B 103, 7184–7189, doi: 10.1021/jp990066k (1999).

37.	 Du, C. et al. Hematite-Based Water Splitting with Low Turn-On Voltages. Angew. Chem.-Int. Edit. 52, 12692–12695, doi: 10.1002/
anie.201306263 (2013).

38.	 Jiang, Z. Y. et al. One-Pot Solvothermal Synthesis of Bi4V2O11 as A New Solar Water Oxidation Photocatalyst. Sci Rep 6, 7, doi: 
10.1038/srep22727 (2016).

39.	 Charlebois, M., Hassan, S. R., Karan, R., Sénéchal, D. & Tremblay, A. M. S. Mott p-n junctions in layered materials. Phys. Rev. B 
Condens. Matter Mater. Phys. 87, doi: 10.1103/PhysRevB.87.035137 (2013).

40.	 Royea, W. J., Michalak, D. J. & Lewis, N. S. Role of inversion layer formation in producing low effective surface recombination 
velocities at Si/liquid contacts. Appl. Phys. Lett. 77, 2566–2568, doi: 10.1063/1.1318935 (2000).

Acknowledgements
This work is a research collaboration of members of the Center for Materials and Devices for Electrochemical 
Systems and Solar Energy Conversion - Rede Mineira de Química (RQ-MG) supported by FAPEMIG (REDE-
113/10; CEX-RED-00010-14; APQ-01803-14; APQ-00369-14), Brazil. We also thank the CNPq and CAPES 
(Brazil) for the financial support. CAPES also grants a PVNS professorship to J.D.F. at UFVJM.



www.nature.com/scientificreports/

9Scientific Reports | 6:31406 | DOI: 10.1038/srep31406

Author Contributions
M.C.P. and J.D.F. supervised the project and wrote the manuscript. W.S.S. and M.R. planned, performed 
and interpreted the photoelectrochemical measurements. A.S.A. and A.C.S. performed and interpreted the 
electrochemical impedance data. J.P.M. carried out the XRD and SEM measurements. L.L.N. collected the IPCE 
data. A.O.T.P. interpreted the IPCE data. L.C.A.O. performed and discussed the DRS data. All authors discussed 
the results and commented on the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: dos Santos, W. S. et al. A hole inversion layer at the BiVO4/Bi4V2O11 interface produces 
a high tunable photovoltage for water splitting. Sci. Rep. 6, 31406; doi: 10.1038/srep31406 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/
 
© The Author(s) 2016

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	A hole inversion layer at the BiVO4/Bi4V2O11 interface produces a high tunable photovoltage for water splitting
	Introduction
	Results
	Photoelectrode synthesis and characterization
	Photoelectrochemical performance
	Open-circuit potential measurements
	Mott-Schottky data

	Discussion
	Methods
	Preparation of the precursor solution
	Preparation of the photoelectrodes
	Characterization
	Photoelectrochemical measurements
	Electrochemical impedance spectroscopy
	IPCE measurements

	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                A hole inversion layer at the BiVO4/Bi4V2O11 interface produces a high tunable photovoltage for water splitting
            
         
          
             
                srep ,  (2016). doi:10.1038/srep31406
            
         
          
             
                Wayler S. dos Santos
                Mariandry Rodriguez
                André S. Afonso
                João P. Mesquita
                Lucas L. Nascimento
                Antônio O. T. Patrocínio
                Adilson C. Silva
                Luiz C. A. Oliveira
                José D. Fabris
                Márcio C. Pereira
            
         
          doi:10.1038/srep31406
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep31406
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep31406
            
         
      
       
          
          
          
             
                doi:10.1038/srep31406
            
         
          
             
                srep ,  (2016). doi:10.1038/srep31406
            
         
          
          
      
       
       
          True
      
   




