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 2

ABSTRACT  

The performance of oxygen-evolving photoanodes based on bismuth vanadate (BiVO4) is 

critically determined by the surface coating. While these coatings passivate surface defects, 

transport photogenerated holes, protect against corrosion, and aid catalysis, their optimal 

composition changes with operating pH, thus affecting overall performance. We use high 

throughput photoelectrochemistry methods to map photoanode performance to enable the 

discovery of optimal composition and loading of Ce-rich sputter deposited (Fe-Ce)Ox overlayers 

on undoped BiVO4 in pH 9 borate buffer electrolyte. The optimal composition is found to be 

20% Fe and 80% Ce with an optimal Fe + Ce metal loading of 0.9 nmol mm
-2

. Analysis of the 

composition and loading dependence of (i) the photocurrent transients upon illumination 

toggling, (ii) stabilized photocurrent densities, and (iii) photogenerated hole transfer efficiency 

reveals the confluence of phenomena that give rise to the optimal performance yielding nearly 

perfect transfer efficiency over a narrow composition window.  

 

TEXT  

Introduction 

The energy conversion efficiency of bismuth vanadate (BiVO4) based photoanodes has been 

increased by tuning optical properties and charge mobility, transport, and separation, which have 

been simultaneously improved via nano and microstructuring, bulk and surface trap state 

mitigation, and catalyst coatings.
1-4

 This continuous improvement in BiVO4-based photoanodes 

for driving the oxygen evolution reaction (OER) owes much to the application of multifunctional 
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 3

surficial catalyst coatings,
5,6

 and post-synthetic treatments.
7
 Although the relative importance of 

the mechanisms by which these coatings and treatments improve the performance of BiVO4 

photoanodes remains a topic of discussion,
7,8

 it is clear that the coating must function as more 

than an OER catalyst.
6
 Researchers have used multilayer coatings to achieve the benefits of 

catalysis, surface trap passivation, effective electrolyte interactions, and effective OER 

catalysis.
5,8,9

 However, different solar-fuel generator device designs require OER to occur under 

different operating conditions including different electrolytes and pH, and discovery of optimal 

coatings simultaneously providing all these multiple functions under different operating 

conditions remains challenging. Specifically, the optimal coating composition and loading will 

depend upon pH and electrolyte.  

For example, we previously reported high throughput experimental exploration of coating 

composition and loading on BiVO4 photoanode performance, investigated in pH 13 

electrolyte.
10-12

 This pH was used for compatibility with membrane-separated, unassisted water 

splitting devices,
13-15

 despite the inherent instability of BiVO4 at this pH.
16

 These investigations 

discovered the high performance of (Fe-Ce)Ox coatings,
11

 which we further investigated using 

co-sputtering to produce continuous gradient composition-loading libraries on BiVO4.
12

  These 

sputter deposited films displayed even higher performance, with a maximum performance with 

loadings of (Fe+Ce) between 0.2 – 1.5 nmol mm
-2

 and 20-30% Fe content in 0.1 M NaOH 

electrolyte. Unfortunately, the coating provided limited corrosion protection, with significant 

loss in performance within an hour of photoelectrochemical operation. Recently, solar fuels 

generators utilizing bipolar membranes have mitigated the requirement for strongly acidic or 

basic pH at the photoanode in membrane-separated devices.
17-20

 In particular, a highly efficient 

generator was reported wherein the photoanode was operated in pH 9 borate buffer electrolyte.
17
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 4

Therefore, exploration of the trends in photoelectrochemical performance of composite 

photoanodes in multiple electrolytes is of fundamental importance, as the stability and interface 

chemistry of both the light absorbing semiconductor and OER catalyst will vary with pH and 

electrolyte composition, as well as the detailed mechanism for the 4 electron, 4 proton OER.
8,21

 

Herein, we investigate an (Fe-Ce)Ox composition-loading coating library on undoped BiVO4 in a 

pH 9 borate electrolyte and compare the performance of this library to one previously studied in 

pH 13 sodium hydroxide electrolyte. Interestingly, BiVO4 is reported to have enhanced stability 

in borate buffer at pH 9,
22-24

 and the discovery of novel, optimal coating compositions in this 

electrolyte may open new applications of this material in photoelectrochemical devices for 

artificial photosynthesis. Our analysis demonstrates that this coating composition yields similar 

performance at pH 9 to that observed at pH 13 largely due to the role of Ce in passivating BiVO4 

surface defects; however, the optimal performance shifts to a narrower range of coating 

compositions at pH 9 relative to pH 13. Comparison of how the coating composition and loading 

impact charge transfer efficiency via analysis of current transients in the toggled illumination J-E 

curves at both pH 9 and pH 13 provides insight into the causes for the reduced range of 

composition and loading producing high performance in pH 9.  

Results and Discussion 

The preparation of the (Fe-Ce)Ox coating library on the undoped BiVO4 substrate was 

performed as reported previously for the library analyzed using 0.1 M NaOH electrolyte.
12

 The 

10 cm × 10 cm BiVO4 film on fluorine doped tin oxide (FTO) coated glass was prepared by 

multiple spin coatings of precursors with intermediate thermal oxidation, as previously 

described.
10

  X-ray diffraction (XRD) was used to confirm phase-pure monoclinic BiVO4. The 
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 5

(Fe-Ce)Ox coating was deposited as a continuous composition and loading gradient library using 

a non-confocal geometry for the 2-target (Fe and Ce) radio-frequency (RF) magnetron co-

sputtering in a reactive atmosphere composed of 0.64 Pa Ar and 0.16 Pa O2, with no intentional 

heating during deposition, as described previously.
12,25

 The photoelectrochemical performance 

was measured in borate buffer (pH 9, 0.1 M boric acid with 0.05 M potassium hydroxide) using 

the previously described scanning drop electrochemical cell (SDC),
26

 with a 0.02 V s
-1

 CV and 

0.5 Hz toggled illumination (1.34 s on, 0.67 s off) utilizing a fiber optic-coupled xenon lamp 

illuminating 1 mm diameter sample spots.
10

 In total, 339 samples were measured spaced 5 mm 

apart on a square grid over the 10 cm × 10 cm (Fe-Ce)Ox / BiVO4 area. The electrochemical 

power generation Pmax (or power saved
27

 compared to an ideal electrocatalyst operating at the 

Nernstian potential) was calculated as the product of the reverse bias potential and the 

corresponding photocurrent.  

The scanning drop electrochemical cell used to acquire the toggled illumination 

photoelectrochemical data is depicted schematically in Figure 1a. Typical data for the anodic 

sweep of the toggled illumination CVs are displayed in Figure 1b, from which the J-E curves 

displayed in Figure 1c are extracted. The series of coatings for which this data was acquired all 

have a metal loading of approximately 0.9 nmol mm
-2

 and span most of the library’s composition 

range. Current transients are apparent when light is toggled on at all compositions, as well as 

toggled off for compositions containing ≥ 21% Fe. Some of these transient spikes appear to be 

too brief to be sufficiently captured by the 20 Hz data acquisition frequency, while relatively 

long-duration transients are observed at high Fe concentration. Our data analysis for extracting 

the quasi-steady state photocurrent only utilizes the average photocurrent over the final 0.74 

seconds of the illuminated pulse, where the contributions from transients are negligible. The 
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 6

stabilized average photocurrents for each illumination cycle are shown as solid circles in Figure 

1c, which are fit using an empirical model to generate the fitted quasi-steady state J-E curve for 

each library sample, as described previously and in the SI.
10

 Each J-E curve is further analyzed to 

extract the figures of merit (FOM) displayed in Figure 2. 

 

Figure 1. (a) Schematic drawing of the fiber optic-coupled scanning drop electrochemical cell. 

(b) Representative anodic sweep toggled-illumination CV data collected at near-constant total 

metal loading of 0.9 nmol mm
-2

, including the coating with optimal composition and loading. 

The data traces refer to different concentrations of Fe in Ce1-xFexOz, and are color-coordinated 

with the circles indicating the sample positions in composition-loading space in Figure 2a. (c) 

The photo-J-E curves extracted from the data in panel (b) using automated fitting algorithms (for 
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 7

details see Table S1 in SI).
10

  The inset expands the low E region of the curves to focus on the 

curve inflection points.  

 

 

Figure 2. Extracted FOMs mapped in the coating composition and loading space. (a) Pmax, the 

maximum photoelectrochemical power generated, (b) JO2/H2O, the photocurrent density generated 

at the Nernstian OER potential (1.23 V vs RHE), (c) Emp, the potential of the maximum power 

point for each sample, as extracted from the fitted J-E curves as represented in Figure 1c. Panel 

(d) displays the transfer efficiency of photo-generated holes to the electrolyte extracted from the 

ratio of peak transient photocurrent to stabilized photocurrent at the Emp of each sample (see the 

SI for procedures).  
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 8

We use Pmax as the primary FOM for photoanode performance, because it incorporates the three 

other primary quality factors for the photoelectrode. That is, Pmax combines the photovoltage, 

photocurrent, and fill factor into a single scalar quantity that is pertinent to device performance. 

The highest Pmax is produced at a metal loading (Fe + Ce) of 0.9 nmol mm
-2

 and a composition of 

20 mol% Fe (indicated by the dashed horizontal lines and dashed vertical lines in each panel of 

Figure 2). Values of Pmax within about 30% of the maximum value can be obtained over the 15-

25 mol% Fe composition window for all loadings below about 1.4 nmol mm
-2

. A sample in the 

middle of this composition-loading space (20% Fe concentration and 0.5 nmol mm
-2

 loading) 

was chosen for stability characterization via a toggled illumination CA measurement at 1.23 V vs 

RHE for 30 minutes, yielding a ~40% decrease in photocurrent (shown in Figure S1), likely due 

to a non-conformal coating that permits electrolyte contact to the BiVO4 and thus gradual 

corrosion of the absorption layer. 

A deeper understanding of how the surface coating alters and improves the photoanode 

performance is gained from inspection of the Emp and JO2/H2O trends in Figure 2. Relative to the 

coating with highest Pmax, more Ce-rich compositions have a reduced Pmax primarily due to a 

reduction in JO2/H2O, but also due to a lower apparent photovoltage, yielding an Emp closer to the 

OER Nernstian potential. JO2/H2O varies more considerably over the coating library (0.2-1.3 mA 

cm
-2

) compared to Emp and is thus the dominant factor in determining Pmax.  

To further explore the origins of these trends, we return to inspection of individual J-E curves 

in Figure 1c. The toggled illumination J-E data from which these J-E curves were extracted are 

presented in Figure 1b. The color-matched circles in Figure 2a indicate the coating composition 

and loading for each of the specific measurements (near optimal metal loading and across the full 

range of compositions) shown in Figure 1b and c. As is apparent in Figure 1c, the J-E curve from 
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 9

the optimal coating composition and loading has the greatest photocurrent density at all 

potentials, but coating compositions which are more Ce-rich actually exhibit superior fill factors, 

despite lower photocurrent densities. In contrast, more Fe-rich coating compositions produced 

both poor fill factors and much lower photocurrent densities. Figure 2d represents the photo-

carrier transfer efficiency for water oxidation at pH 9 as a ratio of the fitted exponential value of 

the current transient at illumination-on to the stabilized photocurrent for the illumination cycle at 

the Emp for each sample. Notably, for coating compositions with the highest fill factors, slightly 

Ce-rich relative to the compositions with the highest Pmax performance, the transfer efficiency 

approaches 1.0 and the algorithm fails because there is no current transient to fit, as indicated by 

the absent data points in Figure 2d. On the other hand, for coating compositions with the highest 

Pmax (20% Fe) there are noticeable photocurrent transients in Figure 1b and a transfer efficiency 

of ~0.9 in Figure 2d. These trends indicate a balance between surface passivation and effective 

OER catalysis over this range of coating compositions. 

As can be seen in Figure 1b, the transient signals upon toggling illumination, which are 

indicative of populating and depopulating surface trap states,
28

 also increase with increasing 

mole fraction of Fe in the coating beyond the optimal composition. The coatings with the lowest 

Fe content (10 mol%) display very short transients which quickly decay to the sustained 

photocurrent density values. This finding indicates that the Ce-rich oxides provide some 

passivation of BiVO4 surface states, which has been demonstrated to be the primary role of 

catalyst coatings on BiVO4.
6
 However, an optimal coating must also catalyze the OER at the 

effective hole potential provided by BiVO4. Apparently, the Ce-rich coating is a sufficiently poor 

catalyst that the photocurrent is suppressed by the slow OER. At the highest performing coating 

composition (light blue in Figure 1) small transients are apparent upon illumination, but the 20 
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 10

mol% Fe provides sufficient catalytic activity to elevate the photocurrent density to twice that of 

the most Ce-rich compositions. At higher Fe compositions, the transients are more pronounced, 

resulting in decay to near zero photocurrent within 0.2 s of photoanode illumination. While the 

higher Fe concentration may dilute the Ce passivation of the BiVO4 surface states, we also note 

that charging of trap states within a coating has been discussed as a contributor to photocurrent 

transients, with thicker coatings resulting in longer time constants.
29

 Thus, the large photocurrent 

transients observed for the coatings containing larger concentrations of Fe may indicate bulk 

oxidation (light on) and reduction (light off) of the coating itself. This trend is contrary to the 

report of excellent surface passivation with electrodeposited FeOOH,
5
 which may be due to the 

presence of Fe
+2

 and its reversible oxidation to Fe
+3

 in the sputter deposited coatings, motivating 

development of surface coating techniques that combine CeO2 with FeOOH.  
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 11

 

 

Figure 3. (a) Overlay of anodic sweep toggled-illumination CV data collected using pH 9 

(displayed in Figure 1b) and pH 13 electrolyte at similar loading and compositions with 

increasing Fe concentration in the Ce1-xFexOz coating on BiVO4. The current transients are far 

more pronounced in pH 9 than in pH 13 at all but the most Fe-rich composition (34% Fe). (b) 

Extracted Pmax mapped in the coating composition and loading space for duplicate coating 

libraries characterized in pH 13 and pH 9. 

Page 11 of 18

ACS Paragon Plus Environment

ACS Applied Energy Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 12

 

By overlaying the toggled-illumination CV curves for duplicate photoanode assemblies 

evaluated in pH 9 and pH 13 electrolytes, a distinct difference in coating performance as a 

function of composition becomes apparent. Specifically, the pronounced photocurrent transients 

previously noted for most coating compositions in pH 9 electrolyte are mostly absent in the pH 

13 electrolyte. In pH 13 electrolyte, the CVs from x = 0.17 to x = 0.34 reveal that similar 

performance is obtained over this 17 at.% range, while only 2 CVs in pH 9 exhibit similar 

performance (x = 0.17 and 0.21), demonstrating the need for much more precise optimization in 

pH 9 electrolyte. The passivation of surface trap states is particularly sensitive to composition in 

pH 9, indicating that the surface/interface chemistry changes either the surface passivation or the 

mechanism/rate of the OER, relative to pH 13 electrolyte. 

Figure 3b further illustrates the pH-dependent relationships between PEC performance and the 

coating composition and loading, with the Pmax, for pH 13 and pH 9 on a common color scale. In 

pH 13 electrolyte, the Pmax is high over a large range of coating composition and loading, 

consistent with the small photocurrent transients indicative of low recombination via trap states. 

In contrast, although the highest Pmax obtained in pH 9 approaches that obtained in pH 13, the 

highest Pmax values are produced over a narrower range of coating compositions and loadings 

having relatively small photocurrent transients and high, stabilized photocurrent densities. A 

slight shift in the optimal composition and loading from 26% Fe and 1 nmol mm
-2

 loading at pH 

13 to the more Ce-rich 20% Fe and 0.9 nmol mm
-2

 loading at pH 9 is observed, but values of 

Pmax in each electrolyte span a similar range. At pH 13, Pmax ranges from approximately 0.04 to 

0.38 mW cm
-2

 over the coating library, while at pH 9 Pmax ranges from approximately 0.05 to 

0.33 mW cm
-2

.   
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 13

Comparison FOM plots for JO2/H2O, fill factor, and Emp at pH 13 and pH 9 are shown in Figure S2 

in the SI. The surface trap recombination processes which produce the sharp current transients 

observed in Figure 3, lead to reduced stabilized photocurrents, which is also reflected in the 

JO2/H2O FOM plots in Figure S2a. As noted above, the magnitude of JO2/H2O varies over the largest 

range of values and is the primary contributor to variation in the Pmax plotted in Figure 3b. The 

fill factor also has a more focused region of high values at pH 9 than at pH 13 (Figure S2b), 

likely arising from the increased recombination at surface trap states with lower applied potential 

aiding the extraction of the photogenerated holes. The Emp at pH 9 is generally lower than at pH 

13, but the variation with composition and loading is less pronounced than observed for JO2/H2O,  

Figure S2c. The overpotential required to drive the OER increases with decreasing pH, therefore 

the Emp (and consequently the power conversion efficiency) may decrease at pH 9 relative to pH 

13. Given the deep valance band of BiVO4,
6
 the loss in Pmax due to increased OER overpotential 

can be mitigated if the catalyst coating provides efficient hole transport, and the present work 

demonstrates that while coating performance varies with pH, certain optimized coatings can 

retain excellent PEC performance in pH 9 electrolyte.  

The shifting of optimal coating performance to a narrower composition space in pH 9 electrolyte 

relative to pH 13 may relate to differences in surface or interface chemistry or in OER 

mechanisms at the 2 pH values. The surface chemistry of metal oxides is fundamentally 

dependent upon pH. Recent literature has reported that for BiVO4(010) the point of zero charge 

is at pH 3.46, consistent with experimental values of 2.5-3.5.
30

  Further, calculation of the 

surface coverage of water molecules or of OH
-
 indicates that pH 9 is in a transition zone between 

the OH
-
 and H2O water oxidation mechanisms, while pH 13 is clearly in the OH

-
 regime.

31
 

However, the experimental points of zero charge for the coating oxides is significantly higher, in 
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 14

the range of pH 5-8 for CeO2 and pH 7-9 for various iron oxides.
32

  Thus, a significant difference 

in surface speciation of the metal oxide coating may be present at pH 9 relative to pH 13, thereby 

altering the operative OER reaction mechanism at these pH values. Further, the rate of the OER 

decreases simply because the concentration of the OH
-
(aq) reactant is decreased by 4 orders of 

magnitude at pH 9 relative to pH 13, requiring a more precise coating composition to balance the 

passivation of surface traps and OER catalysis.  

Conclusions  

The performance of photoanodes as a function of composition and loading of a continuous 

gradient (Fe-Ce)Ox coating on undoped BiVO4 is evaluated in pH 9 borate buffer and compared 

to nominally-identical photoanode assemblies evaluated in pH 13 sodium hydroxide electrolyte. 

In both electrolytes the performance of the photoanode assembly varies by an order of magnitude 

over the composition range 10 to 40 mol% Fe with relatively little sensitivity to the total loading 

of the metal coating from 0.3 to 3 nmol mm
-2

. The characterization of both transient and 

stabilized photocurrent with coating composition reveal the importance of Ce for BiVO4 surface 

passivation and Fe for OER catalysis, with the Ce0.8Fe0.2Ox composition providing the optimal 

balance of these phenomena and thus optimal photoelectrochemical power generation. The PEC 

performance is much more sensitive to composition in pH 9 electrolyte than pH 13, with the 

optimal window of only ~5at.%, highlighting the need for combinatorial methods to identify 

optimal interfaces between light absorbers and catalysts in each selected electrolyte. 

ASSOCIATED CONTENT 
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as a function of coating composition and loading, Table of numerical values of plotted figures of 

merit (FOMs) at pH 9. 
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