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Abstract: The monoclinic scheelite BiVO4 is recognized as one of the promising candidate 

material for a photoanode because of its 9.1% theoretical efficiency for half-cell solar to hydrogen 

conversion. While significant research effort has been devoted to improving the PEC performance 

of this material, they have mainly been in small anode areas with only a handful of studies on 

scaled-up sizes. Herein, a facile metal-organic decomposition synthesis method was used to 

produce scaled-up Mo-doped BiVO4 photoanodes. Multiple modifications were explored and 

incorporated to enhance the performance of the photoanode. A large area 5 cm × 5 cm photoanode 

was successfully prepared with all the modifications. The resulting photoanode gave a 

photocurrent density of 2.2 mA cm-2 at 1.23 V vs. RHE, under AM 1.5G illumination in a 

photoelectrochemical cell initially, and remained at 79% of this value after 1 h of operation. A 

deleterious effect of the increased anode surface area on the photocurrent density was observed 

which we term the “areal effect”.  Understanding the reasons for the areal effect is indispensable 

for the development of large scale PEC devices for water splitting. 
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Introduction 

Solar hydrogen generation has the potential to be a sustainable energy source as the hydrogen 

could be used directly as a fuel, or could be used to reduce CO2 to form hydrocarbon or 

oxyhydrocarbon fuels. A conventional electrochemical cell driven by solar panels could be used 

to split water and produce oxygen and hydrogen, but the energy losses in this technique need to be 

minimized. This could be achieved by decreasing the charge transportation distance scale to less 

than a millimetre, from a metre or higher scales. The oxygen evolution reaction (OER) has a higher 

energy barrier than the hydrogen evolution reaction (HER) and hence its catalysis is beneficial. 

Different avenues are being investigated for catalyzing the OER reaction at the anode such as, a 

catalyst activated by the current itself (electrocatalyst) or one that is activated by photons 

(photocatalyst). The conventional configuration of a photoelectrochemical cell (PEC) is well 

suited for experimenting with photoactive materials in the anode to promote the OER, and hence 

has been used as the vehicle by researchers considerably.[1] Many candidate photoactive 

semiconductor materials such as Fe2O3, WO3 and BiViO4 have been investigated, of which the 

monoclinic scheelite form of BiVO4 has shown considerable promise as a photoanode material[2, 

3] ascribed to its remarkable theoretical efficiency of 9.1% of half-cell solar to hydrogen 

conversion.[4, 5] This n-type BiVO4 meets many requirements to be an efficient photoanode 

material, but it has some deficiencies too.  This material is among the limited group of materials 

that absorb visible light effectively and is semiconducting. It also has energetically favorable band 

positions for charge carrier collection. Its valence band (VB) edge at ca. 2.4 V vs. reversible 

hydrogen electrode (RHE) provides sufficient overpotential for OER, while the conduction band 

(CB) edge is just below the thermodynamic level for H2.[6] Its elements are cheap and earth-

abundant, which are favorable attributes for large scale industrial application. On the other hand, 
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its deficiencies are intense carrier localization leading to significant recombination of 

photogenerated electron-hole pairs,[7] poor carrier mobility,[8] retarded kinetics of oxygen 

evolution,[9] insufficient photon absorption, and chemical and photoelectrochemical instability. In 

spite of its high theoretical capability, the efficiencies achieved in practice in pristine BiVO4 

photoanodes are typically less than 2%, in terms of half-cell solar to hydrogen conversion.[10] 

Various schemes have been attempted to circumvent one or more of the specific deficiencies of 

this material, and unlock its potential for PEC application. Methods such as doping, 

nanostructuring, band alignment, use of co-catalyst and so forth have been investigated.[8, 11] For 

example, doping by metal ions was investigated to change the intrinsic electrical and optical 

properties of BiVO4,[12] introducing OER catalyst was targeted at boosting the water-splitting 

kinetics.[13] 

 

It is noteworthy that the current stage state-of-the-art performance reports of BiVO4 photoanodes 

were obtained in small areas of anodes, typically of the order of 2 cm2 on FTO glass.[12, 14, 15] 

Scaling up the anode area to significant sizes, and achieving the reported performance in a 

repeatable manner is a formidable challenge. This is crucial to prove its viability at industrial scales. 

Such studies could become the focus for this application of BiVO4 in future. Scaling up the BiVO4 

photoanode area from 2 cm2 to about 20 cm2 demands better control of the fabrication process to 

achieve film thickness and structure uniformity, and a good understanding of the mass transport 

of ions in the electrolyte. Besides, the performance of photoanodes could potentially be affected 

by certain unexpected factors, which in turn may require adaptations to the electrode, or the cell 

itself. For example, Hernández et. al reported that the electrode showed a decrease of photo-

response when the photoactive area was enlarged.[16, 17] The authors attributed this detrimental 
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effect of increased area to the non-uniformity of photoactive film thickness. Stability and reliability 

of the anode in the cell environment is another major engineering requirement that must be met 

for commercial use of this technology.[18, 19] 

 

In this work, we adapted a facile, metal-organic decomposition technique to fabricate large-scale, 

porous, BiVO4 thin film electrodes of effective area 25 cm2, on FTO substrates. To maximize the 

PEC performance of our photoanodes, the electronic properties of BiVO4 were modified through 

n-type doping. For improvement of its charge carrier collection, provision of a WO3 underlayer 

and a Co-Pi toplayer were found to be beneficial. Their fabrication was optimized to give the best 

performance through experimental trials. Scalable processes were used for fabrication of all layers. 

The photocurrent density of the optimized 25 cm2 electrode reached 2.2 mA cm-2 at the onset of 

PEC water splitting operation with 1 Sun illumination and with a Pt cathode. It remained at 80% 

of this value even after 1 h of continuous operation. We continued to use this 25 cm2 thin film 

BiVO4 photoanode as a platform to investigate the general mechanism of degradation in the cell, 

during operation, which has an adverse effect on its performance. 

Results 

In our effort to fabricate large area thin film BiVO4 photoanodes, facile controllability of the 

process was one of our primary aims along with achieving uniformity of thickness and structure 

in the film. Therefore we selected a metal-organic decomposition (MOD) technique as the 

synthesis scheme, because it is effective and could be scaled up to fabricate uniform films on large 

areas of FTO substrates with variable transparency, as shown in Figure S1.[20] Once the large area 

anode fabrication process was established, we examined three modifications to the pure BiVO4 

anode to enhance its photoelectrochemical properties. Our strategy was to evaluate the effects of 
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the modifications on the photocatalytic performance of BiVO4, one at a time, and then combine 

multiple modifications, to finally arrive at a high-performance composite anode on a 5 cm × 5 cm 

FTO substrate. 

 

FTO glass is the preferred transparent conducting electrode for PEC and solar cells because of its 

good electrical conductivity and optical transparency (even after calcination above 500 ℃). The 

conductivity of FTO glass is usually 2 to 3 times better than ITO (indium tin oxide) glass, and its 

mechanical strength is sufficient to endure the manufacturing steps employed in producing the 

anode and its assembly in PEC. In recent Artiphyction prototype,[17, 21] one hundred FTO pieces 

of size 8 cm × 8 cm were assembled to fabricate an anode of area 1.6 m2 in a PEC cell for direct 

solar water splitting. This was possibly to simulate an industrial scale deployment. In academic 

research however, photoanodes used had typically less than 3 cm2 photoactive areas. Hence, our 

aim of 5 cm × 5 cm anode area could be considered a pilot scale investigation, approaching the 8 

cm × 8 cm pieces used to produce an industrial scale PEC anode. It could be reasonable to call 

photoelectrodes bigger than 25 cm2 as large pieces, since this dimension is sufficient for making 

m2 scale anodes by assembly. 

 

MOD synthesis is readily amenable to nanostructuring of the BiVO4 texture, which could 

contribute to enhanced charge separation of the photogenerated holes in a solid-liquid bulk 

heterojunction.[22] The n-type doping with a high valence metal ion (such as Mo and W) could also 

be simultaneously achieved in this synthesis method. In a previous study, doping with 3 at% Mo 

was found to increase the photocurrent density in a small area anode, and hence we choose to 

continue to expand on this finding.[20, 23] The thickness of the Mo-doped BiVO4 (Mo- BiVO4) film 
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was not previously optimized and hence we examined four levels of thickness from 50 to 230 nm.  

An un-doped BiVO4 film of thickness 100 nm was also included in the test for comparison. Figure 

1a shows the photocurrent density obtained for different applied electrode potentials. Firstly, this 

figure demonstrates that 3 at% Mo doping boosts the photocurrent density of BiVO4 by up to 4 

times compared to pure BiVO4. Such remarkable increment could be attributed to an increased 

electrical conductivity, which facilitates the separation of photogenerated charges without 

significantly affecting the band gap.[24, 25] Also, as shown in Figure 1a, we demonstrated the effect 

of thickness on the performance of Mo-BiVO4 film. Four thicknesses (50, 100, 160, 230 nm, 

details shown in Figure S2-S6) were examined and their linear-sweep voltammagrams (LSV) 

under front illumination of AM 1.5G solar simulator are compiled in Figure 1a. It is clearly shown 

that the 100 nm Mo-BiVO4 film achieved considerably higher photocurrent density at 1.23 V 

although, the 160 nm thick film performed better at the high voltage range. In consequence, for all 

subsequent developments we used 100 nm thick Mo-BiVO4 film as the basic anode. 

 

To enhance the charge separation and collection, it would be beneficial to use an electron transport 

layer below the Mo-BiVO4 film to prevent holes from entering the FTO and causing recombination. 

Among the electron transport compounds WO3 is a good candidate because its calculated 

conduction band (CB) position is 3.0 eV vs. RHE, which is higher than the CB position of BiVO4 

(2.4 eV vs. RHE), while its valence band (VB) position of 0.5 eV vs. RHE is also more positive 

than that of BiVO4 (0.1-0.3 eV vs. RHE).[26, 27] Hence, WO3 could be an efficient underlayer to 

form a heterojunction with BiVO4.[28, 29] Such heterojunction band alignment will enhance the 

transportation of electrons from the CB of BiVO4 to that of WO3, which in turn will suppress the 



7 
 

chances of recombination of photogenerated electrons and holes. In effect, the WO3 underlayer 

serves as a “hole mirror” to block hole transport to the FTO conductive layer.[30]  

 

For coating WO3 on FTO we used magnetron sputtering which is a commercially available process. 

Metallic W was magnetron sputtered on the FTO substrate and then calcined in static air to oxidize 

the W to WO3 nanoparticles. By this method a uniform coating of WO3 could be obtained on FTO 

glass (Figure S7) which serves as the underlayer for the subsequent deposition of Mo-BiVO4 film 

by MOD. Figure 1b displays the typical current density vs potential (J-V) curves for the Mo-BiVO4 

anodes with and without WO3 underlayer. Upon front illumination by AM 1.5G solar simulator, 

the bare Mo-BiVO4 film of 100 nm thickness showed only a current density of around 0.34 mA 

cm-2 at 1.23 V which monotonically increased to 1.59 mA cm-2 at 2.0 V. After introducing the 

WO3 underlayer to Mo-BiVO4 film of the same thickness, a significant enhancement to photo 

response is evident. The photocurrent density was boosted to 1.69 mA cm-2 at 1.23 V vs. RHE and 

reached a peak of 2.8 mA cm-2 which clearly demonstrates the benefit of the underlayer. Three 

thickness levels of 25, 50 and 100 nm of WO3 were examined (details shown in Figure S10-S12) 

to assess the thickness effect on the photocurrent. The three electrodes with the different WO3 

layer thicknesses demonstrated photo response current densities of 1.45, 1.59, and 1.24 mA cm-2
 

at 1.23 V, respectively. It is evident that the 50 nm thickness exhibits the best photo activity. 

Therefore, we choose a 50 nm thick WO3 underlayer to enhance the performance of our 3 at% Mo 

doped BiVO4 anodes. 

 

As the final step of improvement, we addressed the issue of slow oxygen evolution kinetics of the 

Mo-BiVO4-electrolyte interface.[13] A common solution to such issues is to use a co-catalyst at the 
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Mo-BiVO4 surface to catalyse the OER. Various co-catalysts have been used by researchers 

among which the amorphous Co-Pi has been a popular choice to increase the OER efficiency for 

several photoanode materials such as Fe2O3,[31, 32] WO3
[33] and BiVO4. 

[34, 35] Hence, Co-Pi is an 

obvious candidate material in our investigations also. Besides Co-Pi, we also evaluated other 

potential candidates such as NiFeOx, TiOx and TiO2 (details elucidated in Figure S13-S15 of 

supporting information) but, they were found to be inferior to Co-Pi. Having dismissed the other 

materials by the screening experimentation, we went on to optimize the loading of Co-Pi using 

galvanostatic electrodeposition by controlling the electric charge (or conditioning time). The LSV 

in Figure 1c reflects the performance of five Mo-BiVO4/CoPi samples with different Co-Pi loading. 

The figure indicates that the best photocurrent density of 1.58 mA cm-2 was achieved at 1.23 V, 

with the conditioning of 2.5 mC cm-2 for Co-Pi loading. The performance with Co-Pi at this loading 

was nearly 4 times higher in terms of photocurrent density, compared with the bare Mo-BiVO4 

sample. 

 

After these three modifications, namely (i) 3 at% Mo doping of the BiVO4, (ii) incorporation of a 

50 nm WO3 underlayer, (iii) application of a Co-Pi overlayer at optimum loading, PEC 

performance of our large-area composite anode did show improvement for each modification. It is 

envisaged that a combination of the three features will synergise into a much improved photoanode, 

comparable to other state-of-the-art BiVO4-based nanomaterials. Figure 1d and Table 1 

specifically depict the quantitative improvement in photocurrent density achieved in our 

nanostructured BiVO4 at 1.23 V vs. RHE. They show the improvements achieved for each 

modification developed here in large area anodes. The Mo doping alone initially enhanced the 

current density from 90 μA cm-2 to 340 μA cm-2 which can be derived by comparing the curves 
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for pure BiVO4 and the doped BiVO4.  Incorporating a 100 nm thick WO3 underlayer to Mo-

BiVO4 then boosted the current density to 1.78 mA cm-2. Application of an overlayer of 

amorphous Co-Pi to the Mo-BiVO4 film, along with the underlayer finally increased the current 

density to a creditable 2.20 mA cm-2.  

 

It’s not the first time that the WO3/BiVO4 heterojunction, combined with Co-Pi, was used for the 

photoanode of PEC.[36, 37] The MOD method for the synthesis of n-type doped BiVO4 was also 

employed in previous studies.[20, 22] For example, Park et. al proposed the WO3/BiVO4/Co-Pi 

design and achieved a photocurrent density of 2.4 mA cm-2 on 1.5 cm x 3 cm FTO substrate (at 

1.23V vs. RHE in a PH 7 phosphate electrolyte).[37] In their case, both BiVO4 and WO3 were  spin 

coated and Co-Pi was electrochemically deposited. In another work of WO3/BiVO4/Co-Pi ternary 

photoanode reported by Joo et. al,[36] WO3 nanorods were synthesized via hydrothermal method 

and were covered by spin coated BiVO4 thin film, and then Co-Pi overlayer was electrochemically 

deposited. Their good structural control resulted in a photocurrent density of 3.3 mA cm-2 at 1.23 

V vs. RHE. In our modified procedures, we adopted the direct drop casting for preparation of Mo-

BiVO4 thin film and magnetron sputtering for introducing WO3. Both procedures are more time-

saving and cost-effective, with the opportunity to achieve good uniformity of films. In order to 

show the competitiveness of our material, we have compared the PEC performance of some state-

of-the-art BiVO4 photoanodes from recent publications in Table S1. The best performance among 

them, in terms of photocurrent density, was reported by Domen et al. in a Ni/Sn supported BiVO4 

photoanode, enhanced with the self-generated NiFe catalyst. They achieved ~ 3.2 mA cm-2 

photocurrent density at 0.4 V vs. RHE.[38] Although, the performance of our systematically 

developed photoanode is lower, it is a creditable development for large area anodes, achieved by 
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a combination of modifications enabled by versatile and commercially viable processes. It is an 

outcome balanced between large capacity and efficiency, with promise for large-scale application. 

 

Figure 1. a) LSV scans of one undoped BiVO4 (100 nm thick) and three Mo-BiVO4 with different 
thicknesses of 50, 100, 160 and 230 nm in dark and under AM 1.5G illumination. b) LSV scans in 
dark and under AM 1.5G illumination for Mo-BiVO4 and WO3/Mo-BiVO4 of different WO3 
thicknesses (25, 50 and 100 nm). c) LSV scans in dark and under AM 1.5G illumination for 
WO3/Mo-BiVO4/Co-Pi of different Co-Pi loading (0.05, 0.1, 0.15, 0.25, 0.5, 1.0 mC cm-2 for 
electrodeposition). d) LSV scans in dark and under AM 1.5G illumination for undoped BiVO4, 
Mo-BiVO4, WO3/Mo-BiVO4 and Mo-BiVO4/Co-Pi and WO3/Mo-BiVO4/Co-Pi. 
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Table 1. The photocurrent densities of different photoanodes under AM 1.5G illumination, at 1.23 
V vs. RHE. 

Material Photocurrent density 
(mA cm-2) 

WO3/Mo-BiVO4/CoPi 2.20 

WO3/Mo-BiVO4  1.78 

Mo-BiVO4/CoPi 1.58 

Mo-BiVO4 0.34 

undoped BiVO4 0.09 

 
 

Figure 2a shows samples of the as-prepared photoanodes of size 5 cm × 5 cm consisting WO3/Mo-

BiVO4/Co-Pi layers sequentially deposited on the FTO substrate and a similar anode of size 1 cm 

× 2 cm. The reflection, transmission, and absorption spectra obtained in the large area anode are 

shown in Figure 2b. The absorption edge of the sample is near 510 nm wavelength which 

corresponds to a band gap of 2.4 eV of BiVO4. Each layer was characterized by x-ray diffraction 

(XRD) and electron microscopy after deposition. Their XRD data is given in Figure 2c where the 

crystal structures of WO3 and BiVO4 (monoclinic JSPDF: #01-75-1867) could be confirmed. A 

hump appears in the range 20-40° in the XRD patterns which is present even in the FTO glass. 

This could be attributed to the amorphous glass.[39] The Co-Pi being amorphous was not detected 

by XRD. It is important to note that traces of any crystalline impurities were not detected by XRD.  

 

The scanning electron microscopy (SEM) of the cross-section of the optimized anode sample is 

shown in Figure 3a. Two distinct planar layers of WO3 and BiVO4 can be clearly distinguished 

above the FTO, with respective approximate thicknesses of 50 and 100 nm. The top view of WO3 

(Figure S7-S9) indicate the layer to be dense and coarse with numerous nanoparticles but it covers 
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the FTO substrate quite evenly. Unexpectedly, we found that the WO3 coated FTO exhibited a 

beneficial improvement in wettability during the subsequent drop casting of the Mo-BiVO4 

organic precursors when compared to bare FTO.  

 

In contrast to the WO3 layer, the Mo-BiVO4 layer was nanostructured with interconnecting 

“worm-like” branches leading to significant porosity, as evident in Figure 3b. The porosity level 

and thickness of the Mo-BiVO4 film seem to be quite uniform over the area as indicated by the 

top and cross-sectional SEM images. A similar structure was reported in a previous study on Mo-

BiVO4 films and the authors then suggested that the high surface area arising from such a porous 

structure would shorten the diffusion lengths for photogenerated charge carriers. Consequently, 

this favors charge separation across the solid-liquid bulk heterojunction.[22] Figure 3c is a higher 

magnification image of the Mo-BiVO4 film surface to show the amorphous Co-Pi nanoparticles 

(at 0.25 mC cm-2 loading) on the surface of the larger Mo-BiVO4 grains. The Co-Pi nanoparticles 

appear to have weaved into a distinct mesh covering the whole surface of the Mo-BiVO4 grains. 

However, it must be noted the Mo-BiVO4 grains beneath the top surface that are visible in Figure 

3c do not exhibit any Co-Pi particle coating. Hence, the Co-Pi deposition process appears not have 

penetrated the porosity of the Mo-BiVO4 film to get to the deeper BiVO4 grains in its porous 

structure. This may be attributed to poor contact of the interior grains with the solvent during the 

electrochemical conditioning process to deposit the Co-Pi probably due to the high surface energy 

of the aqueous electrolyte.[40] Overcoming this obstacle and achieving a complete coating of Co-

Pi grains, well inside the porous network, perhaps by using a lower surface energy solvent, will be 

the next challenge in this project. 
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Figure 2. a) Optical images of the 5 cm × 5 cm and 1 cm × 2 cm samples of WO3/Mo-BiVO4/Co-
Pi. b) Reflection, transmission and adsorption spectra of the WO3/Mo-BiVO4/Co-Pi sample. c)  
XRD patterns of FTO, FTO/WO3, FTO/WO3/Mo-BiVO4, and FTO/WO3/Mo-BiVO4/Co-Pi 
 

 

Figure 3. a) SEM images for the cross-sectional view of the WO3/Mo-BiVO4/Co-Pi product on 
FTO glass. b, c) Top-view SEM images of the porous WO3/Mo-BiVO4/Co-Pi photoanode. 
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Issues and challenges 

1. Performance depreciation in scaled-up PEC 

After a painstaking experimental program to enhance the performance of BiVO4 photoanode in 

PEC, we implemented multiple processing steps to arrive at this composite thin film anode 

structure consisting WO3/Mo-BiVO4/Co-Pi layers on FTO. Now we proceed to discuss its 

performance in a scaled-up PEC cell that can take an anode of active area 5 cm × 5 cm. Figure 4a 

demonstrates our test bed setup that was used to investigate the photo response of the 5 cm × 5 cm 

photoanodes. This was designed and fabricated in-house. The cathode used was Pt wire gauze. 

Evaluation of the photo response of the large anodes proved that it is difficult to reproduce the 

high photocurrent densities obtained in the smaller scale anodes and PEC. The effective area of 

the anode appears to have a direct correlation with the photocurrent density even when all other 

water splitting conditions were same.  We refer to this effect of anode area as the “areal effect”. 

This is an adverse effect and we attribute it to the electrode/PEC dimensions. The scientific reasons 

for the areal effect are not clear but could be hypothetically attributed to increased charge 

recombination, electrical resistance, and ionic flux in the electrolyte. We found that the 

photocurrent density depreciates rapidly as the anode size is enlarged when all other factors are 

unchanged. We conducted two experiments to explicitly demonstrate the existence of the areal 

effect.  

 

In the first experiment, two photoanodes of different effective areas, namely 1 cm × 2 cm and 5 

cm × 5 cm, were produced consisting the newly developed multiple layers by the same processes. 

Figure 4b compares their LSV data where a severe depreciation in photocurrent density is apparent 

for the larger anode. The smaller anode showed a photocurrent density of 2.20 mA cm-2 at 1.23 V 



15 
 

vs. RHE and ended up with 2.99 mA cm-2 at 2.0 V. Meanwhile the larger one only reached 0.74 

mA cm-2 and 1.05 mA cm-2 at 1.23 and 2.0 V respectively.  

 

In the second experiment, a set of five masks were made, each having a circular aperture of area 

0.125, 0.23, 0.5, 1, 2 cm2 respectively at the center. Optical photos of these masks are shown in 

Figures S19 and S20. A 5 cm × 5 cm WO3/Mo-BiVO4 sample (without the Co-Pi) was used as the 

photoanode to split water in the PEC with an aqueous solution of 0.1 M KH2PO4 (KPi) as the 

electrolyte at PH 7. The masks were used to illuminate only the aperture areas and block the rest 

of the anode. By this, we were able to progressively increase the illumination area on the same 

large area anode, starting from 0.125 cm2 to 2 cm2, while all other conditions remained unchanged. 

This experiment will eliminate other possible variables that may be present when different anodes 

of different areas are used, as in the first experiment.  The photocurrent obtained for each area of 

illumination is shown in Figure 4c where a decrease in current density with increase of illumination 

area is evident. The current densities at 1.23 V vs. RHE obtained from Figure 4c are 2.32, 2.08, 

1.81, 1.58, 1.38 mA cm-2 for illumination areas 0.125, 0.23, 0.5, 1, 2 cm2 respectively. This data 

is plotted in Figure 4d which shows a steady decrease of current density with increase of area. The 

photocurrent density for an illumination area of 0.125 cm2 was 68% higher than that for 2 cm2. 

Figure S21 shows the distribution of light intensity within the central circular area of diameter 2 

cm in the light beam. It is clear from this measurement that the difference in light intensity between 

the center and the periphery is within 10 % which is much smaller than the decrease in photocurrent 

density attributed to the areal effect. Further investigations showed that this areal effect persisted 

even upon back illumination, and even in a different electrolyte, as exemplified in Figures S23, 

S24. 
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Since the area of illumination has a significant, deleterious effect on the photocurrent density, this 

could become a focus area of research in the future, and a bottleneck for large scale industrial 

effort. It is of paramount importance to understand the fundamental reasons for this areal effect in 

order to circumvent it. Based on our preliminary investigations, it is hypothesized that the 

increased electrical resistance of the FTO substrate, and the non-linear diffusion of reactants 

(namely OH-) towards the electrodes could be two plausible causes for the areal effect. Since we 

are not able to quantify the areal effect on photocurrent density at present, it is prudent to record 

the illuminated area as an essential parameter when reporting photocurrent densities or efficiencies 

in water splitting using photo active electrodes. 
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Figure 4. a) Photo of the large-scale PEC test bed setup. b) J-V curves of 1 cm × 2 cm and 5 cm 
× 5 cm WO3/Mo-BiVO4/Co-Pi photoanodes in dark and under AM 1.5G illumination. c) LSV 
scans of WO3/Mo-BiVO4 photoanode with controlled illuminated area of 0.125, 0.23, 0.5, 1 and 
2 cm2. To avoid interference from dark current, the J-V curves in this graph were already deducted 
by dark current. d) The calculated net photocurrent densities of WO3/Mo-BiVO4 photoanode in 
0.1 M KPi electrolyte (PH 7) under AM 1.5G illumination, with different illuminated areas. 
 
 
 
 
 
2. Instability of the anode 

BiVO4 is known to suffer from some chemical and photoelectrochemical instability, even in 

neutral pH condition. A recent modelling study implied that the accumulation of photogenerated 

charge carriers on the crystal surface could destabilize the lattice,[41] but the actual mechanism of 

photo corrosion in BiVO4 is not fully understood yet. Attempts to protect the BiVO4 from photo 

corrosion employed two techniques: 1) to coat an ultrathin layer of a corrosion-resistant oxide to 

isolate the BiVO4 from of the electrolyte while allowing the photogenerated holes to tunnel 

through;[42, 43, 44]  2) to apply a stable OER catalyst on BiVO4 to rapidly consume the holes and 

avoid the accumulation of charge carriers.[18, 45, 46] The Co-Pi overlayer used in this work could be 

classified as the latter technique. A comparison of the stability (the ratio of real-time photocurrent 

density to the initial photocurrent density) of three anodes is shown in Figure 5a. It is evident that 

deposition of the Co-Pi overlayer improves the stability of WO3/Mo-BiVO4 photoanode, which 

allows the devised photoanode to operate longer without significant loss of current output. During 

a 1 h stability test, 79% of initial photocurrent density was retained by the WO3/Mo-BiVO4/Co-

Pi anode, which is 27% higher than the corresponding anode without Co-Pi. It is also noteworthy 

that the WO3 underlayer also contributed to about 25% stability enhancement which is probably 

due to improved charge transfer which mitigates undesirable recombination or accumulation.  
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The long-term stability was examined by continuously operating the PEC with 5 cm × 5 cm 

WO3/Mo-BiVO4/Co-Pi anode for 13 h in 0.5 M Na2SO4 (PH 6) at 1.23 V. The decay of 

photocurrent density with time is shown in Figure 5b where the current density decays to1.24 mA 

cm-2 in 13 h which is about a half of the initial value. The aforementioned, incomplete coverage 

of Co-Pi on the BiVO4 grains beneath the film surface could have contributed to this instability. 

In addition, pure BiVO4 itself is supposedly more susceptible to photocorrosion than mainstream 

photocatalysts.[3] Stability appears to be the Achilles’ heel of BiVO4 at present. The stability 

observed in 0.1 M KPi solution (PH 7) was much worse than in 0.5 M Na2SO4 solution (PH 6) as 

evident from Figure S25. This is the reason for choosing 0.5 M Na2SO4 solution (PH 6) as the 

electrolyte above for stability assessment.  

 

Lewis et al. designed a bi-layer thin film of TiO2/Ni on BiVO4,[19] to increase the stability of the 

photocatalyst in basic conditions. During a 2 h potentiostatic testing at 1.23 V vs. RHE in KOH 

electrolyte (PH 13), this surface passivated electrode demonstrated almost no depreciation of 

photocurrent density. However, the passivation layer didn’t improve the OER efficiency, and the 

maximum photocurrent density obtained was around 1.4 mA cm-2 (at 1.23 V) which is insufficient 

compared with other photoanode materials. Recently, Choi et al. investigated a ZnFe2O4 layer to 

enhance the stability as well as photoelectrochemical performance of BiVO4 in basic electrolyte.[47] 

The initial photocurrent density at 1.23 V vs. RHE was enhanced to 2.74 mA cm-2, in KPi (PH 13) 

electrolyte, but it decreased to less than 2.0 mA cm-2 in less than 1 h. Domen et al. reported an 

impressive long-term stability of their CoOx loaded BiVO4 photoanode with ultrathin NiO layer[48] 

which showed only a little decay in performance over 16 h, but at relatively low applied bias of 

only 0.8 V vs. RHE. Compared with other semiconductors such as TiO2, BiVO4 is a more efficient 
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photon absorber but is more vulnerable for photocorrosion. A corrosion-resistant co-catalyst layer 

that can boost the photoelectrochemical reactivity and increase the stability of BiVO4 photoanode 

simultaneously would unlock the full potential of this promising material. 

 

 

 

 

Figure 5. a) Stability-time curves of Mo-BiVO4, WO3/Mo-BiVO4, and WO3/Mo-BiVO4/Co-Pi 
photoanodes under AM 1.5G illumination, in 0.5 M Na2SO4 solution (PH 6). b) Current-time 
curve of WO3/Mo-BiVO4/Co-Pi under 13 h of AM 1.5G illumination, in 0.5 M Na2SO4 solution. 
 

Conclusions 

In this work, we utilized a facile metal organic decomposition synthesis process to scale-up BiVO4 

thin film deposition on FTO and investigated its performance as a photoactive anode in a PEC 

with Pt cathode. We investigated and fine-tuned three modifications to this anode to enhance its 

performance which are: 1) a 100 nm thick film of 3 at% Mo doped BiVO4, 2) a 50 nm WO3 

underlayer to block holes, 3) a Co-Pi overlayer as a co-catalyst to enhance the OER. The resulting 

anode consisted of a layered structure on FTO which could be denoted as WO3/Mo-BiVO4/Co-Pi. 

This optimized anode exhibited a photocurrent density of 2.2 mA cm-2 in 0.1 M KPi solution (PH 
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7) at 1.23 V vs. RHE. Whilst this being not the highest performance reported for BiVO4-based 

anodes, the scalability and controllability of the fabrication processes, and the developed 

modifications are valuable for industrial requirements.  

 

This newly developed photoanode exhibited 79% of the initial photocurrent density after 1 h of 

operation to split water in a PEC. It remained at 50% of initial current density after 13 h of 

operation. This indicates reasonable stability for the anode. In continuing studies, we aim to 

understand the prevailing photocorrosion mechanisms of Mo-BiVO4, and devise protective 

measures accordingly to further enhance its stability.  

 

An undeniable, deleterious areal effect was observed which diminished the photocurrent density 

as the active area of photoanode was increased. The actual reason for this areal effect is not 

understood yet but, electrical resistance of the FTO substrate and non-linear diffusion of reactant 

ions in the electrolyte could be contributors. Hence, we propose that researchers record the active 

anode area when reporting photocurrent densities or efficiencies in PEC water splitting studies. 

 

Materials and Methods 

Preparation of WO3 underlayer: FTO glass was purchased from Latech Scientific Supply Pte. Ltd. 

(Singapore). The as-received FTO glass showed a sheet resistance of ~13.4 Ω, which slightly 

increased to ~14.4 Ω after 2 h calcination at 500 ℃. Thickness of FTO coating layer is around 400 

nm. The transmittance of FTO glass is higher than 80%. A layer of metallic tungsten was first 

deposited on FTO (1 cm × 2 cm or 5 cm × 5 cm) by direct current (D.C.) magnetron sputtering, 

using a pure tungsten target and a plasma of argon as gas carrier. The sputtering chamber was first 
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pumped down to a gas pressure less than 1 × 10-5 mbar and then the sputtering was performed at 

230 W for different durations. Immediately after the sputtering, the tungsten covered FTO was 

transferred to a muffle furnace and calcined in air at 500 ℃ for 2 h, with a ramping rate of 5 ℃ 

min-1, to further convert metallic tungsten into tungsten oxide. The thicknesses of the resulting 

WO3 layer depends on the sputtering duration. For WO3 layers of 25, 50, 100 nm thicknesses, the 

corresponding sputtering times are 30, 60 and 120 s. 

Preparation of WO3/Mo-BiVO4 Photoanode: A metal-organic decomposition method was 

employed for the preparation of porous Mo-BiVO4 thin film on FTO/WO3 substrate. Three 

precursors, Bi(NO3)3·5H2O in glacial acetic acid (0.2 mol L-1), vanadylacetyl acetonate in 

acetylacetone (0.03 mol L-1) and molybdenyl acetylacetonate in acetylacetone (0.01 mol L-1) were 

mixed according to the stoichiometric ratio of Bi : V : Mo  = 100 : 97 : 3, and then diluted by 

different coefficients with acetylacetone. For the preparation of undoped BiVO4, the Mo precursor 

was not added and the stoichiometric ratio of Bi : V was 1 : 1. The concentration of diluted solution 

determines the thickness of Mo-BiVO4 thin film. For the Mo-BiVO4 of 50, 100, 160, 230 nm 

thicknesses, the corresponding precursor mixtures were diluted by 6, 3, 2, 1.5 times. In the next 

step, a 0.75 ml of the diluted precursor solution was drop cast onto a piece of FTO/WO3 (1 cm × 

2 cm or 5 cm × 5 cm) on a 50 ℃ hotplate. The solvent mixture spread evenly on the surface of 

FTO/WO3 because of the relatively low surface tension of acetylacetone. After drying, the glass 

was further heated in a furnace at 470 ℃, for 30 min followed by natural cooling down to room 

temperature. 

Preparation of WO3/Mo-BiVO4/Co-Pi Photoanode: An electrochemical cell with three-electrode 

configuration was employed for the Co-Pi electrodeposition. The Pt foil was used as counter 

electrode and Ag/AgCl (in saturated KCl solution) was used as the reference electrode. 0.5 mM 
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Co(NO3)2 was added into 0.1 M KPi solution to serve as the electrolyte, and the pH was tuned to 

7. For the electrodeposition, a constant current density of 0.006 mA cm-2 was applied to the 

WO3/Mo-BiVO4 sample, and the loading amount of Co-Pi was adjusted by the electrical charges 

(or deposition time). After the electrodeposition, the WO3/Mo-BiVO4/Co-Pi samples were 

cleaned in deionized water. 

Characterization of Materials: Morphological characterization was conducted in field emission 

SEM (JSM-7600F, JOEL) and TEM (JEM 2010, JOEL). Crystallographic characterization was 

performed in thin film XRD (Shimadzu XRD-6000, Shimadzu) by applying Cu Kα radiation at 40 

kV and 30 mA. The light absorption was evaluated by reflectance and transmission spectra, 

performed on a UV/Vis/NIR spectrophotometer (LAMBDA 750, Perkin Elmer) with an 

integrating sphere. The thickness characterization was performed on a surface profiler (Alpha-Step 

IQ, KLA Tencor). 

Photoelectrochemical measurements: The photoelectrochemical measurements were performed 

on a three-electrode configuration (PCI4/300™ potentiostat with the PHE200™ software, Gammy 

Electronic Instruments, Inc.). The glass supported photoanodes were tightly clamped to a stainless 

steel rod to serve as the working electrode, with a platinum foil and an Ag/AgCl as the counter and 

reference electrode respectively. Two aqueous electrolytes were employed for the PEC 

measurement, namely 0.5 M of Na2SO4 solution (PH 6) and 0.1 M KH2PO4 (KPi) buffer solution 

(PH 7, tuned by KOH). Electrical conductivity of the 0.1 M KPi solution was 12.5 mS cm-1, as 

probed by an electrical conductivity meter. A 300 W Xe lamp (HAL-320, Asahi Spectra Co., Ltd) 

with AM 1.5G filter was used as the solar simulator, with 100 mW cm-2 light intensity irradiated 

at the center of working electrode. Photocurrent density was measured by linear sweep 

voltammetry (LSV) at a scan rate of 30 mV s-1. For all cases, the light was irradiated on the front 
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side of FTO glass. Wherever not specified in the manuscript, the photoresponse data presented 

was measured using the smaller sized anode sample (1 cm × 2 cm). To study the effect of the 

illuminated area, homemade insulating resin masks with apertures of different sizes (4.02, 5.40, 

8.00, 11.25, 15.86 mm in diameters) were used to hook on the illumination side of the PEC cell, 

regulating the incoming light irradiation to a fixed circular area (same as the aperture size) on the 

sample. These masks were only used on a 5 cm × 5 cm anode sample. 
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