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Bismuth vanadate is a promising photoanode material, but 

recent reports on undoped BiVO4 without sublayers and co-

catalysts showed large variations in photocurrent generation. 

We addressed this issue by correlating photoelectrochemical 

performance with physical properties. We devised a novel 

anodic electrodeposition procedure with iodide added to the 

aqueous plating bath, which allowed us to prepare BiVO4 

photoanodes with virtually identical thicknesses but different 

morphologies, and we could control surface Bi content. Mor-

phologies were quantified from SEM images as distributions 

of crystallite areas and aspect-ratio-normalised diameters, 

and their statistical moments were derived. We could obtain 

clear photocurrent generation trends only from bivariate 

data analysis. Our experimental evidence suggests that a 

combination of low Bi/V ratio, small aspect-ratio-normalised 

diameters, and crystallites sizes that were small enough to 

provide efficient charge separation yet sufficiently large to 

prevent mass transport limitations led to highest photoelec-

trochemical performance. 

Introduction  

Conversion of solar energy into storable chemical fuels will in 

the future be essential as a global, environmentally friendly 

energy source.1 Splitting water with only sunlight as energy 

input into hydrogen fuel and oxygen in a sustainable, scalable 

way requires that materials be exclusively made of earth-

abundant elements.2-9 Viable renewable energy systems will 

only be feasible with materials that are robust in water oxida-

tion or hydrogen evolution conditions, efficient light absorbers, 

and highly active chemical catalysts. Integrated devices, which 

couple electrocatalysts with light-capturing semiconductors, 

with a membrane that separates the two half reactions of water 

splitting, show particular promise.10, 11 Because of the greater 

stability of earth-abundant water-oxidation catalysts at higher 

pH,12-14 we focused on alkaline electrolytes.  

Semiconducting photoanodes must exhibit a bandgap that is 

small enough for efficient absorption of sunlight and a valence 

band (VB) edge that is positive enough for the generation of 

overpotentials sufficient to drive water oxidation. The flatband 

potential of the photoanode also matters as it determines the 

photocurrent onset potential of the water oxidation reaction.10  

Based on these constraints, bismuth vanadate (BiVO4) has re-

cently been identified as an inexpensive, promising photoanode 

material for solar water splitting.15-21 However, typical photo-

currents of unmodified BiVO4 photoanodes are limited by high 

electron-hole recombination and poor charge transport proper-

ties,16, 22-24 and inadequate water oxidation kinetics.15  

Although photoelectrochemical (PEC) performance of BiVO4 

photoanodes can be improved by dopants, sub-layers, addition 

of water oxidation catalysts, (see ref. 15 and references therein), 

incorporation of dopant nanoparticles,25 hydrogenation,26 in-

corporation with reduced graphene oxide,27 underlayers with 

improved band edge alignment,28, 29 and substrates with en-

hanced light-capture properties,30 we focused our work on un-

modified BiVO4 films deposited directly on inexpensive 

fluorine-doped tin oxide (FTO) glass substrates. This way, we 

could systematically investigate photocurrent generation as a 

function of the physical characteristics of BiVO4 itself, with the 

aim to differentiate contributions from different properties. 

Multiple methods to make undoped BiVO4 photoanodes on 

various conducting oxide substrates have been reported (Elec-

tronic Supplementary Information (ESI), Table S1). Likewise, 

photocurrents have been measured in numerous different solu-

tion conditions, with different scan rates, and on different 

transparent conducting oxide substrates, rendering a direct 

comparison of reported performance problematic. Published 

photocurrent densities of monoclinic scheelite BiVO4 films in 

electrolytes without hole acceptors range from ~0.1 to 1.8 mA 

cm–2 (at 1 sun, AM1.5G illumination and at 1.23V vs. RHE); in 
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different electrolytes without and with sacrificial hole acceptor 

large variations have been observed (see Table S1).  

To identify the materials' characteristics that limit photocurrent 

generation, we synthesised undoped BiVO4 films on FTO-glass 

with various physical properties. We employed two solution-

based fabrication techniques, spin-coating and electrodeposi-

tion, and varied only one experimental parameter at a time. All 

films were subjected to the same annealing temperatures in 

ambient air and tested for photocurrent generation under virtu-

ally identical conditions. Spin-cast BiVO4 photoanodes were 

prepared with four different numbers of spin-coating cycles 

following a procedure reported by Gamelin.31 In addition, we 

increased the viscosity of the precursor solution by adding pol-

yethylene glycol. Electrodeposited BiVO4 films on FTO-glass 

were prepared following a procedure published by Choi.32 We 

also devised a modification of that preparation by addition of 

iodide to the plating bath to improve the solubility of Bi3+ ions. 

Best performing crystallite sizes and film thicknesses are usual-

ly a trade-off between several factors. Crystallite sizes should 

be smaller than the minority carrier diffusion length to maxim-

ise electron-hole separation efficiency. Granular materials, such 

as those investigated here, exhibit many interfaces that create 

contacts and junctions throughout the bulk of the BiVO4 films. 

As crystallites become smaller, more interfaces and space-

charge regions are present, at which photo-generated minority 

carriers can be collected; in other words, the internal quantum 

yield approaches unity when every crystallite is completely 

depleted. However, added interfaces, i.e. more contact points 

between crystallites, decrease the minority carrier mobility, so 

that carrier collection efficiency competes with bulk recombi-

nation. Majority carrier mobility is also affected and may ulti-

mately be limiting photocurrent generation.3, 29 Moreover, the 

high porosity of materials with small crystallite sizes limits 

mass transport of substrates and products. And thicker semi-

conducting layers absorb more incident photons until the ray-

optic limit is reached.33 Light capture can also be increased by 

strategic sub-wavelength nanostructuring.34 This is the reason 

why BiVO4 photoanodes made on textured Asahi VU-type 

conducting glass substrate outperform those on standard, inex-

pensive FTO-glass (such as Hartford Glass Co., TEC 15).30 

Because most reported studies on undoped BiVO4 photoanode 

performance were carried out on standard FTO-glass, we syn-

thesised our BiVO4 films on TEC-15 FTO substrates. 

In addition to charge separation efficiency at the BiVO4-

electrolyte interface, crystallite size also affects interfacial elec-

trical contact between the BiVO4 and the conducting oxide sub-

strate. Lattice mismatches between fluorine-doped tin oxide or 

tin-doped indium oxide (ITO) substrates and BiVO4 attenuate 

electrical contact. The use of different types of conducting ox-

ide substrates renders a direct comparison of reported BiVO4 

PEC performance problematic (ESI). 

We measured photocurrent densities of our BiVO4 photoanodes 

in alkaline aqueous supporting electrolyte under simulated 

1 sun AM1.5G illumination. We collected linear sweep and 

cyclic voltammograms with and without illumination. There is 

still debate on the exact mechanisms behind the observation of 

different PEC responses from front-side vs. back-side illumina-

tion. This difference may disappear if the layer thickness ap-

proaches the diffusion length of the carriers with lower mobility 

in the material. However, highest photocurrents and negligible 

differences between the two illumination modes were observed 

for BiVO4 films with 100 nm and 300 nm thickness.16, 23 Re-

garding practical considerations, for use in an integrated water 

splitting device, only front-side illumination will matter. There-

fore, we performed our PEC testing with front-side illumina-

tion. 

In this work, we aimed to explain the considerable PEC per-

formance variations reported for unmodified BiVO4 pho-

toanodes. We probed the complex interplay of multiple 

materials characteristics, such as morphology, chemical surface 

composition, and film thickness, and related them to photocur-

rent generation. 

 

Experimental Section  

BiVO4 photoanodes were prepared by electrodeposition or spin 

coating on FTO-glass substrates. Films were physically charac-

terised as follows: thicknesses were derived from optical spec-

tra using absorption coefficients reported for powder BiVO4,
35 

crystalline phases from powder x-ray diffraction (XRD) data, 

chemical surface compositions from x-ray photoelectron spec-

tra (XPS), and morphologies were quantified by scanning elec-

tron microscopy (SEM) image analysis. Photoelectrochemical 

performance was assessed under 1 sun AM1.5G illumination in 

alkaline supporting electrolytes without and with sulfite as sac-

rificial hole acceptor. See ESI for details. 

 

Results and Discussion 

The general protocol to prepare and characterise BiVO4 pho-

toanodes is depicted in Fig. 1. We used electrodeposition and 

spin coating and systematically varied conditions to make Bi-

VO4 films on FTO-glass with numerous thicknesses, morphol-

ogies, and chemical surface compositions. 

 

 
 

Fig. 1 General protocol of BiVO4 photoanode preparations and 

characterizations. 

 

Bulk crystalline phases of the BiVO4 on FTO-glass films were 

determined by powder XRD (ESI); peak assignment was per-

formed using the International Centre for Diffraction Data 

(ICDD) database. All obtained films were found to consist of 

monoclinic scheelite BiVO4; this crystalline phase is the most 

photoactive polymorph of bismuth vanadate.17, 18 XRD data of 
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all BiVO4 on FTO-glass films showed peaks assigned to SnO2 

from the FTO substrate underneath because the films were thin, 

but no secondary phases of BiVO4 and no bismuth or vanadium 

oxide phases were observed. 

Inspection of SEM images showed that all our BiVO4 films 

exhibited pillow-like crystallites. These shapes were best ap-

proximated by ellipses with various aspect ratios. Top-down 

SEM images provided views of the surface-exposed crystallites, 

projected by the focusing conditions and threshold transfor-

mation onto one plane. Therefore, we used area distributions to 

describe crystallite sizes, which are shown as insets in Figures 2 

and 5. 

We also deduced distributions of crystallite diameters, which 

were normalised to their aspect ratios; this way we could ad-

dress the effect of varying aspect ratios of the crystallites that 

were not captured by mere area distributions. Aspect ratios are 

important for carrier transport because they are directly related 

to the nearest distances between any point within a crystallite 

and that crystallite's edge. Upon absorption of a photon an elec-

tron-hole pair may be generated anywhere within a crystallite. 

Assuming isotropic carrier dynamics within the material, the 

nearest distance of the original location of this electron-hole 

pair to the boundary of the crystallite controls whether useful 

carrier collection or detrimental recombination loss is more 

likely. The aspect ratio of an ellipse is its semi-major axis di-

vided by its semi-minor axis. To describe distances that are 

relevant for carrier transport, we derived distributions of the 

aspect-ratio-normalised diameters l from SEM image analysis; l 

is the square root of a crystallite's area normalised to its aspect 

ratio, or, in other words, an ellipse's semi-minor axis divided by 

its semi-major axis times the square root of its area. If crystal-

lites have laterally circular shapes, l is equal to the square root 

of a; l becomes smaller as the aspect ratio increases. The mean 

values of a and l are denoted A and L, respectively. 

Analysis of the statistical moments of the area and aspect-ratio-

normalised diameters indicated that spin coating afforded films 

of more uniform distributions (i.e., Gaussian). All distributions 

showed a variance (σ2) that was approximately proportional to 

the mean size. Positive, relatively small values for the third 

moment indicated that populations were skewed with a modest 

number of crystallites significantly larger than the mean. In 

other words, crystallites with values of a and l larger than the 

population means were present, albeit in very small relative 

quantity. 

In general, charge separation efficiency is enhanced when L 

decreases, i.e. small crystallite areas and high aspect ratios are 

beneficial for this purpose. Mass transport limitations become a 

major obstacle for photocurrent enhancement by simply shrink-

ing crystallite size. Therefore, high-aspect-ratio architectures 

are desirable. On the other hand, the size A of BiVO4 crystal-

lites governs the electrical contact at the interface between Bi-

VO4 and FTO, owing to the crystal lattice mismatch between 

the two oxides (ESI); the number of point contacts at the inter-

face to the cuboid FTO increases as A decreases. 

Electrodeposited films were made following a procedure by 

Choi,32 and, as a modification of that, with varying amounts of 

NaI added to the deposition bath. All other conditions were 

kept virtually identical. Addition of iodide improved the solu-

bility of Bi3+ ions in aqueous solution by formation of [BiI4]
–; 

this required a fourfold excess of iodide ions over Bi3+ ions. 

Therefore, we chose [I−]/[Bi3+] ratios of 4, 8, and 12 in the plat-

ing bath. 

Without NaI, the deposition solution became turbid as soon as 

the pH was adjusted with acetate to reach deposition conditions. 

With addition of iodide, we did not observe any precipitate 

throughout the plating process; solutions remained precipitate-

free for hours (ESI). The obtained films had markedly different 

morphologies, as shown by SEM images (Fig. 2). 

 

 
 

Fig. 2 Top-down SEM images of electrodeposited BiVO4 films 

with different NaI concentrations in the plating bath, taken at 

virtually identical magnifications. (a) No added NaI; [I−]/[Bi3+] 

ratio: (b) 4, (c) 8, (d) 12. The insets show crystallite area distri-

butions derived from these SEM images. 

 

We did not observe any contributions from crystalline BiOI in 

the powder XRD spectra of BiVO4 materials that were anodi-

cally deposited in plating baths with NaI. Likewise, high-

resolution XPS data of the I 3d core level region revealed that 

no iodine photoelectrons were detectable (ESI). It should be 

noted that formation of BiOI, such as that reported by Choi,36 is 

possible under cathodic electrodeposition conditions. 

All four electrodeposited materials had similar thicknesses of 

(99 ± 2) nm. The only difference in preparation conditions was 

the iodide concentration in the plating bath; also, virtually iden-

tical amounts of charge were passed. Despite having similar 

thicknesses, these BiVO4 films exhibited markedly different 

morphologies and chemical surface compositions. Survey XPS 

data (ESI) showed the presence of elemental Bi, V, and O. We 

deliberately did not attempt to quantify oxygen content from 

XPS data because the amount of this element is regularly over-

estimated; oxygen also occurs in other sources, such as adventi-

tious carbon species and underlying conductive oxide. High-

resolution spectra of the Bi 4d and V 2p core level regions 

showed that each spin-orbit split peak (Bi 4d5/2, Bi 4d3/2, 

V 2p3/2, and V 2p1/2) could be fitted by a single Gaussian-

Lorentzian component. This indicates that in all electrodeposit-

ed BiVO4 films Bi and V were present in a single oxidation 

state. The Bi 4d core level peaks Bi 4d5/2 and Bi 4d3/2 had bind-

ing energies of 442.6 and 466.0 eV, respectively, with an ex-

pected branching ratio of 1.5:1, and were assigned to Bi3+.37  
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The V 2p region consisted of V 2p3/2 and V 2p1/2 components 

with binding energies of 516.9 and 524.3 eV, respectively, with 

an expected branching ratio of 2:1, allowing assignment to 

V5+.38, 39  Our XPS data confirmed that all electrodeposited 

films consisted of BiVO4. 

Surface Bi/V ratios were quantified by integrating Bi 4d5/2 and 

V 2p3/2 peaks of high-resolution XPS spectra after Shirley 

background subtraction.40 We chose to collect high-resolution 

data in the Bi 4d over the Bi 4f core level region, which is often 

used for qualitative characterization, because at the higher bind-

ing energy the background is free of other (broad) peaks; this 

facilitates a quantitative chemical composition analysis. We 

observed that surface Bi/V ratios varied from 2.9 to 1.1, as a 

function of the amount of NaI in the plating bath (Fig. 3). Ap-

parently, improving the solubility of Bi3+ in the plating bath led 

to less excess Bi at the surface. 

 

 
 

Fig. 3 Physical properties of electrodeposited BiVO4 films as a 

function of [I−]/[Bi3+] ratio in the plating bath. (a) Mean crystal-

lite areas A from SEM image analysis, (b) mean aspect-ratio-

normalised diameters L from SEM image analysis, (c) thick-

nesses d from optical spectra, and (d) surface Bi/V ratios from 

XPS data. Bars in (a) and (b) indicate standard deviations from 

the mean values. 

 

Morphology quantification led to the following observations. 

With an [I−]/[Bi3+] ratio of 8 in the electrodeposition bath, pho-

toanodes with the smallest A and L were formed, with the nar-

rowest distributions. Materials made without iodide or with an 

[I−]/[Bi3+] ratio of 12 in the plating bath exhibited wider, similar 

area distributions, but their aspect-ratio-normalised diameter 

distributions differed slightly. The preparation with an 

[I−]/[Bi3+] ratio of 12 in the plating bath led to a larger L, sug-

gesting it had a lower aspect ratio than BiVO4 made without 

iodide. Electrodeposited BiVO4 from a bath containing an 

[I−]/[Bi3+] ratio of 4 resulted in films with the largest crystallites 

and an intermediate L. 

Enhanced PEC performance (Fig. 4) was observed for BiVO4 

with smallest crystallite areas, smallest L and smallest surface 

Bi/V ratio of 1.1; this material was made with an [I−]/[Bi3+] 

ratio of 8 in the electrodeposition bath. Photocurrent generation 

at 1.23 V vs. RHE was increased by a factor of 5, compared to 

the material prepared without NaI in the plating bath, which 

exhibited a Bi-rich surface (Bi/V ratio 2.9) and larger crystal-

lites. Photoanodes prepared with an [I−]/[Bi3+] ratio of 4 had the 

largest crystallites but only a Bi/V ratio of 1.5; the lower Bi-

content at the surface apparently led to higher photocurrents. 

 

 
 

Fig. 4 Linear-sweep voltammograms of electrodeposited Bi-

VO4 films, taken under chopped-light conditions, at different 

NaI concentrations in the plating bath. Ratio of [I−]/[Bi3+]: yel-

low, 0; green, 4; blue, 8; red, 12. The dashed line indicates the 

thermodynamic water oxidation potential at 1.23 V vs. RHE. 

 

With the goal to prepare BiVO4 films on FTO-glass with small-

er crystallite sizes than obtainable by anodic electrodeposition, 

we turned to spin coating. We used two different precursor so-

lutions: One followed a procedure reported by Gamelin,31 and 

the other, as a modification of that, had 0.34 M PEG added to 

the solution. We hypothesized that addition of PEG would in-

crease the precursor solution's viscosity and this way change 

film morphology. All other experimental conditions were kept 

virtually identical. For both precursor solutions, the number of 

spin-coating cycles was varied from 2 to 8. 

XPS and XRD data (ESI) confirmed that all spin-cast films 

consisted of monoclinic scheelite BiVO4. Elemental Bi, V, and 

O were present in survey XP spectra. High-resolution XP spec-

tra of the Bi 4d and V 2p core level regions revealed that each 

spin-orbit split peak could be described by a single Gaussian-

Lorentzian component, which suggests that Bi and V existed in 

single oxidation states. The binding energies and branching 

ratios were virtually the same as those found for electrodeposit-

ed films. 

As shown in Fig. 5, the different preparation conditions led to 

notably different film morphologies, although only one experi-

mental parameter was varied at a time. All spin-coated BiVO4 

films exhibited smaller crystallite sizes than electrodeposited 

films. 

We quantified distributions of crystallite areas and aspect-ratio-

normalised diameters, film thicknesses, and chemical surface 

compositions as described above (Fig. 6). Our spin-cast BiVO4 

films exhibited smaller sizes than those prepared by electrodep-

osition. Mean crystallite areas A and mean aspect-ratio-

normalised diameters L were on average smaller by a factor of 

4.8 and 4.0, respectively. This suggests that aspect ratios were 

on average a factor of 1.8 higher in the spin cast materials. 
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Fig. 5 Top-down SEM images of spin-coated BiVO4 films on 

FTO-glass, collected at virtually identical magnifications. The 

films were prepared with 2, 4, 6, and 8 spin-coating cycles, 

with and without PEG in the precursor solution. The insets 

show crystallite area distributions derived from these SEM im-

ages. 

 

Mean aspect-ratio-normalised diameters L were similar for 

spin-cast films made with PEG versus those made without PEG 

in the precursor solution with 2 and 4 spin-coating cycles, and 

larger for 6 and 8 cycles. Crystallite areas A did not follow a 

clear trend as a function of number of spin-coating cycles or 

depending on precursor solution. Perhaps not surprisingly, film 

thickness increased linearly with the number of spin-coating 

cycles for both precursor solutions. Films were on average 18% 

thicker when made from precursor solutions with higher viscos-

ity. Surface Bi/V ratios of spin-cast BiVO4 films varied less 

across the different preparations but were higher than those for 

electrodeposited films. Surface Bi/V ratios of spin-cast BiVO4 

made from precursor solutions without PEG were higher than 

those made from solutions with PEG. 

We infer differences in metal salt solubility in the two precursor 

solvent mixtures (without and with PEG) to explain this last 

observation. We measured the solubilities of Bi(NO3)3⋅⋅H2O 

and VO(C5H7O2)2 in the two precursor solvent mixtures (ESI). 

We found that the solubility of VO(C5H7O2)2 was similar in 

both solvents. In contrast, Bi(NO3)3⋅⋅H2O was 2.5 times more 

soluble in the solution without PEG. We propose that, as a pre-

cursor solution droplet dries, some Bi(NO3)3⋅⋅H2O remains 

dissolved when all vanadium is already deposited. This leads to 

a higher surface Bi/V ratio. 

 

 
 

Fig. 6 Physical properties of spin-coated BiVO4 films as a func-

tion of number of spin-coating cycles; black triangles, without 

PEG; green squares, with PEG in the precursor solution. (a) 

Mean crystallite areas A from SEM image analysis with distri-

bution widths as bars, (b) mean aspect-ratio-normalised diame-

ters L from SEM image analysis, (c) thicknesses d from optical 

spectra, and (d) surface Bi/V ratios from XPS data. 

 

Our electrodeposited and spin-cast BiVO4 on standard FTO-

glass electrodes yielded photocurrents (at 1.23 V vs. RHE) that 

were comparable to those in Table S1. In Fig. 7, they are de-

picted as a function of individual materials properties.  

 

 
 

Fig. 7 Effect of physical properties of electrodeposited (circles) 

and spin-cast (squares) BiVO4 on PEC performance, without 

(blue) and with (red) sulfite (ESI) in the electrolyte. Photocur-

rents were measured at 1.23 V vs. RHE. 

 

Rough trends were only discernible from the properties L and d. 

Photocurrents were maximised at L ca. 0.05 µm and d ca. 65 

nm; the optimal photocurrent density was 0.44 and 1.4 mA cm−2 

in electrolytes without and with sulfite, respectively. This is 

similar to reported PEC performance.21, 23, 24, 28, 32, 41-44 Our ob-

served film thickness is likely the optimal trade-off between 

absorption (thicker is better) and majority carrier transport 

(thinner is better). No trend could be derived from the property 

A (see below). Photocurrents of our materials did not correlate 

with the surface Bi/V ratio, as would be expected based on pre-

vious work.17, 23, 41, 45 Resistivities of BiVO4 films were meas-
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ured to assess their effect on photocurrent generation; they were 

4.4×10−5 and 8.7×10−5 Ω cm (with an error of 20%) for films 

made by spin coating and electrodeposition, respectively. Film 

conductivity cannot account or the differences in PEC perfor-

mance we observed. 

In materials the complex interplay of many properties matters. 

Therefore, we correlated photocurrents to morphology and sur-

face composition simultaneously (Fig. 8). We observed clear 

trends from this analysis, which allowed for a better prediction 

of which combined properties led to improved performance. To 

the best of our knowledge, reported BiVO4 photocurrents have 

only been discussed to date as a function of individual proper-

ties, such as crystal phase,18, 46 SEM image appearance,41 quan-

tified particle size,46 thickness,23, 24 and chemical 

composition.17, 23, 41, 45 From our bivariate data analysis, we 

could differentiate which properties governed photocurrent 

generation.  

 

 
 

Fig. 8 Dependence of photocurrent density on morphology and 

chemical surface composition of electrodeposited BiVO4 elec-

trodes, with sulfite in the electrolyte. Morphology quantifica-

tion: (a) mean crystallite areas A, (b) mean aspect-ratio-

normalised diameters L. The bar widths are arbitrary to visual-

ise the data. 

 

We used A or L as y-axes in the bivariate PEC performance 

graphs to evaluate from which size parameter we could derive a 

trend. Photocurrents steadily increased as L decreased, but there 

was no clear dependence on A, suggesting that for our pho-

toanodes charge separation efficiency was more important for 

PEC performance than interfacial characteristics between Bi-

VO4 and FTO. Usually SEM images are analysed in terms of 

crystallite size, which is equivalent to our evaluation of area 

distributions A. We found, however, that the quantity L better 

captured dimensions that govern photocurrent generation, both 

in electrolytes with and without sulfite (ESI). Crystallite area 

distributions inherently lack consideration of actual crystallite 

shape properties, such as aspect ratios. Therefore, we focused in 

the following on the quantity L to describe morphology. Hypo-

thetically, L would be a better predictor of photocurrent genera-

tion than A only in thick films, where different orientations of 

grains give rise to different diffusion pathways within the films. 

Our data show that even in thin films, L is a better correlated to 

activity than A. 

We compared electrodeposited materials with similar values for 

L, such as the BiVO4 films made without iodide and an 

[I−]/[Bi3+] ratio of 12. Their Bi/V ratios were found to be 2.9 

and 1.1, respectively. Photoanodes with an almost stoichio-

metric Bi/V ratio outperformed those with Bi-rich surfaces. 

Ager also reported inferior performance for off-stoichiometric 

films but did not differentiate the effects of film morphology 

differences and surface compositions.23 Electrodeposited Bi-

VO4 films with virtually the same chemical surface composi-

tion but smaller L produced higher photocurrents; the films 

made with an [I−]/[Bi3+] ratio of 8 surpassed those prepared 

from plating baths with an [I−]/[Bi3+] ratio of 12. Therefore, we 

conclude that unmodified, monoclinic scheelite BiVO4 pho-

toanodes performed best with almost stoichiometric chemical 

surface compositions and smallest aspect-ratio-normalised di-

ameters, which suggest that small crystallites with high aspect 

ratios were beneficial. These trends were found in both electro-

lytes, with and without sacrificial hole acceptor.  

Because it is difficult to derive trends from four data points 

plotted in bivariate fashion, we focused on our spin-coated 

films. The potential for photocurrent generation was not equal 

among our spin-coating preparations. Variation of the number 

of spin-coating cycles and viscosity of the precursor solution 

produced BiVO4 films with different thicknesses; thicker Bi-

VO4 layers absorbed more simulated sunlight. To account for 

this additional effect, we normalised photocurrent densities to 

the overlap integral J of a material's optical spectrum and the 

simulated sunlight spectrum for the following PEC perfor-

mance evaluation (Fig. 9). This could be done because all elec-

trodes were tested under virtually identical conditions.  

 

 
 

Fig. 9 Dependence of normalised photocurrent density jph/J on 

the interplay of morphology (quantified by mean aspect-ratio-

normalised diameters L) and chemical surface composition of 

spin-cast BiVO4 electrodes, (a) without and (b) with sulfite in 

the electrolyte. The bar widths are arbitrary to visualise the 

data. 

 

The relative PEC performances of spin-cast BiVO4 pho-

toanodes, normalised as described above, depended strongly on 

the intertwined effects of chemical surface composition and 

crystallite morphology in both electrolytes. Highest normalised 

photocurrents were obtained for L = (51 ± 9) nm and least Bi-

rich surfaces. Like our electrodeposited BiVO4 films, materials 

with more Bi-rich surfaces (Bi/V ratio > 2) performed poorly, 

irrespective of L. Photoanodes with larger mean aspect-ratio-

normalised diameters (L > 80 nm) were also inferior, more so in 

electrolyte without sacrificial hole acceptor. Adding sulfite to 

the electrolyte seemed to help electron-hole separation at the 

BiVO4-electrolyte interface, presumably because the reaction of 

holes with sulfite is faster than with water. Reduced PEC per-

formance was obtained from materials with an L < 37 nm, like-

ly because of mass transport limitations. We observed lower 

photocurrents relative to best performance in electrolytes with 

hole acceptor compared to those without, because mass 

transport is more critical in the faster oxidation reaction. 
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We have shown that intertwined material properties were re-

sponsible for optimised photocurrent generation of BiVO4 pho-

toanodes. Morphology quantification in terms of aspect-ratio-

normalised diameter, not just crystallite size, jointly with 

knowledge on the chemical surface composition was crucial to 

derive clear PEC performance trends. The interplay of several 

physical properties needed to be probed to understand the large 

variations in photocurrent generation of these complex metal 

oxide photoelectrodes. 

Conclusions 

We compared physical properties of bare, undoped monoclinic 

scheelite BiVO4 electrodes on FTO-glass without sublayers or 

co-catalysts with their PEC performance, to shed light on the 

reported large variations of photocurrents. Morphologies and 

chemical surface compositions of BiVO4 films, made by elec-

trodeposition and spin coating, were very dependent on single 

experimental parameters. 

We devised an anodic electrodeposition procedure with differ-

ent amounts of iodide added to the aqueous plating bath, to 

increase Bi ion solubility. This enabled us to prepare BiVO4 

films with virtually identical thicknesses but different morphol-

ogies and to control surface Bi content. Smaller crystallites 

were obtained by spin coating, but thicknesses of spin-cast 

films linearly increased with the number of spin-coating cycles. 

To ensure comparability across films that absorbed different 

amounts of light, photocurrent densities of spin-cast films were 

normalised to the overlap integral of the films' optical spectrum 

and the simulated-sunlight spectrum. 

We quantified morphologies from SEM images as distributions 

of crystallite areas and aspect-ratio-normalised diameters, sur-

face Bi/V ratios were derived from XPS data. Correlation of 

photocurrents with individual material properties yielded only 

rough trends. We obtained clear trends from bivariate data, 

where photocurrent densities were plotted as a function of both 

chemical surface compositions and mean aspect-ratio-

normalised diameters. A combination of near-stoichiometric 

surface compositions and mean aspect-ratio-normalised diame-

ters, which were small enough for maximum charge separation 

yet large enough to prevent mass transport limitations, pro-

duced the best PEC performance. 
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Conceptual Insights 

 

Discovery of robust, efficient, and scalable light absorbers and redox catalysts that can be 

employed in integrated photoelectrodes to produce solar fuels is one of the grand 

challenges of 21
st
 century science. Among candidates containing earth abundant 

elements, bismuth vanadate is a particularly promising material, most especially as a 

light-absorber photoanode component for solar-driven water splitting. In our work, we 

have established how the physical properties of BiVO4 photoanodes affect performance 

by systematic study of morphologies and chemical surface compositions in combination 

with photocurrent measurements. Optimized photocurrent generation of BiVO4 

photoanodes resulted from intertwined material properties, whose interplay was probed 

by bivariate data analysis. Most notably, optimal morphologies and chemical surface 

compositions were identified, enabling rational design of more efficient BiVO4 

photoanodes.  
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TOC Entry  
 
Undoped bismuth vanadate was synthesized and investigated to differentiate the 
effect of physical characteristics on photoelectrochemical performance.  
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