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HIGHLIGHTS 

 

 Nickel hydroxide behaves as an efficient co-catalyst for bismuth vanadate and iron 

vanadate photoanodes for water oxidation. 

 

 Chemical bath deposition of nickel hydroxide allows for a fine control of the co-catalyst 

loading on the photoanode surface. 

 

 Co-catalyst loading is critical for its performance, being optimal values of the order of 

only one monolayer. 

 

 Electrochemical methods can be used to estimate the co-catalyst loading provided 

that it experiences a reversible redox behavior.    
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Abstract 

A commonly followed strategy to enhance the performance of photoelectrodes for 

achieving viable water splitting devices consists in the use of co-catalysts. However, 

fine control of the amount of co-catalyst deposited on the electrode surface usually does 

not receive much attention, although it is an essential factor that crucially determines the 

efficiency of photoelectrodes. In this context, this study illustrates how the dark 

electrochemical characterization of co-catalyst-modified photoanodes may provide 

valuable information on the precise amount of electroactive co-catalyst present on the 

surface, facilitating our understanding of the manner in which co-catalysts work and 

paving the way for their optimization. For this purpose, ultrathin Ni(OH)2 layers were 

deposited on either doped or pristine BiVO4 and FeVO4 photoanodes by a cost-effective 

and versatile chemical bath deposition method in which the deposition time allows to 

control the Ni(OH)2 loading. The deposited Ni(OH)2 is demonstrated to successfully 

catalyze the photoelectrochemical water oxidation process on both BiVO4 and FeVO4 

electrodes, by improving the effective transfer of photogenerated holes from the 

semiconductor to solution. In fact, the electrocatalytic activity of the Ni(OH)2-modified 

photoanodes rapidly increases with the amount of deposited Ni(OH)2 until an optimum 

value is reached equivalent to only 0.46 and 1.68 Ni(OH)2 monolayers for BiVO4 and 

FeVO4 electrodes, respectively. Under these conditions, Ni(OH)2 enhances the 

photocurrent generation by a factor of 2 for BiVO4 and of 1.2 for FeVO4 photoanodes in 

contact with slightly alkaline solutions. The small loadings of Ni(OH)2 leading to an 

optimum photoanode behavior indicate that hole transfer is favored on vanadate active 

surface sites, which would also be the preferential sites for Ni(OH)2 deposition. 

Additional amounts of co-catalyst deposited for longer times induce a drastic decrease 



4 

in the Ni(OH)2 photoelectrocatalytic activity due to charge recombination at the 

semiconductor/Ni(OH)2 interface, probably enhanced by the low carrier mobility in 

Ni(OH)2. On the other hand, this study demonstrates that the preparation of efficient 

photoanodes for oxygen evolution with an extremely small amount of co-catalyst 

through a facile and scalable method is possible.  

Keywords: nickel hydroxide, chemical bath deposition, oxygen evolution reaction, 

photoelectrocatalysis, BiVO4 photoanodes, FeVO4 photoanodes.  

 

1. Introduction 

In order to overcome the current global warming caused by the employment of fossil 

fuels and the continuously growing energy consumption, the development of green, 

non-polluting and renewable alternative technologies for energy supply is desirable. In 

particular, since its discovery by Fujishima and Honda in 1972 [1], producing H2 as a 

solar fuel from photoelectrochemical (PEC) water decomposition methodologies on 

semiconductor electrodes using only sunlight as input energy has been considered as an 

interesting goal [2–4]. In this context, the search for efficient semiconductor materials 

with potential application in the development of photoanodes capable of photooxidizing 

water has mainly focused on binary metal oxides for the last few decades, basically on 

TiO2 (Eg = 3.2 eV, for the anatase phase) [5,6], WO3 (Eg = 2.7 eV) [7,8] and Fe2O3 (Eg = 

2.2 eV) [9–11]. However, this research has now been directed in part toward several 

ternary oxides, such as some tantalates [12–14], titanates [15–18] and wolframates [19–

21], among others. These also include certain vanadates (BiVO4 [22–25], FeVO4 [26–

28] and InVO4 [29,30]), which are characterized by their electrical n-type properties, 

their relatively low cost and toxicity, intrinsic visible light activity, and acceptable 

chemical and photochemical stability in aqueous electrolytes.  
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Among the vanadates, BiVO4 stands out as one of the most promising photoanode 

materials due to its convenient valence band edge, located at approximately 2.4 V (vs. 

RHE), which provides the necessary overpotential for photogenerated holes to oxidize 

water. It is also important to consider for visible light absorption its relatively narrow 

bandgap (2.4 eV for the monoclinic variety; although several other values are reported 

for other crystalline phases [22,31]). In addition, the poor carrier mobility observed for 

this semiconductor is compensated by a long carrier lifetime, which translates into a 

relatively long diffusion lengths for electrons and holes [32,33]. Similarly, iron 

vanadate (FeVO4) is also a low bandgap semiconductor (for the triclinic structure, the 

Eg value is close to 2.06 eV), which facilitates the absorption of around 45% of the 

incident solar energy. In addition, it is composed of earth-abundant elements [28]. In 

any case, the actual conversion efficiency achieved with unmodified BiVO4 and FeVO4 

is well below expectations. In fact, they present extremely poor photogenerated carrier 

transport properties, especially for electron transport in BiVO4. The slow rates for 

driving complex reactions such as oxygen evolution, motivated by its high kinetic 

barrier and the extremely poor catalytic properties of the BiVO4 and FeVO4 surfaces are 

other important drawbacks for the use and applicability of these vanadates in 

photoelectrochemical devices [22,26,31].  

Morphology control [34–36], heterojunction structure formation [37–39], and 

composition tuning have resulted in an enhancement of charge separation and transport 

in BiVO4- [25,40–42] and FeVO4-based [28] materials. However, the sluggish transfer 

of photogenerated holes to solution due to poor catalytic properties still remains as the 

main limiting factor for their use in water splitting. In addition, the resulting hole 

accumulation at the photoanode/electrolyte interface often results in photooxidation of 

the electrode (photocorrosion) [22]. In this way, the modification of the BiVO4 surface 
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with oxygen evolution catalysts (OECs) has led to a dramatic improvement in the 

performance of the BiVO4 photoanodes by accelerating the surface PEC water oxidation 

reaction kinetics and also by favoring charge separation through collection of 

photogenerated holes [43]. However, only a limited number of OECs are effective for 

BiVO4 in PEC water oxidation, including certain transition metals and metal oxides 

(RuO2 [43], Pt [44], IrOx [44] PdOx [45], CoOx [46], NiO [47], Co3O4 [48] and RhO2 

[49]) and oxyhydroxides (such as FeOOH and NiOOH [50]) and some complex, ill-

defined structures known as ‘cobalt phosphate’ (Co-Pi) [51], ‘cobalt carbonate’ (Co-Ci) 

[52] and ‘nickel-borate’ (Ni-Bi) [53]. To the best of our knowledge, no OEC 

incorporation has been reported to date in the case of FeVO4 photoanodes.  

The interest in Ni3+-based OECs for (photo)electrocatalysis, such as NiOOH/Ni(OH)2, 

is due to the fact that Ni3+ is particularly catalytic for a wide range of redox processes 

[54]. In fact, the electrocatalytic properties of NiOOH have been studied and confirmed, 

not only for oxygen evolution reaction (OER) in PEC water splitting [50,55,56], but 

also in a wide range of reactions, such as the oxidation of alcohols to yield carbonyl 

compounds [57–60], the direct electrooxidation of carbohydrates [61] and urea [62] and 

a green route oxidation of sulfide ions [63]. The electrocatalytic effect has been 

primarily attributed by Trotochaud et al. to Fe contamination, which plays a critical role 

in enhancing the activity of the Ni-based OER electrocatalysts [64], but it is also 

thought to be motivated by the low degree of occupancy of the d orbitals associated 

with the Ni oxidized form (NiOOH). In fact, the metal ion in its high valence state has 

more activity for bond formation with adsorbed species, thus facilitating electrocatalytic 

activity [65–67]. The importance of studying the OER over Ni(OH)2 in alkaline media 

derives from the fact that the best OECs in acid media (RuO2 and IrO2) suffer from poor 

chemical stability in basic solutions [68]. Although Ni(OH)2 possesses a lower 
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electrocatalytic activity, it displays excellent long term corrosion resistance in basic 

solutions and it has the added advantage of being relatively inexpensive.  

In this work, transparent Ni(OH)2 ultrathin films have been deposited on pristine and 

doped BiVO4 as well as on FeVO4 photoanodes by a chemical bath deposition (CBD) 

method to study their activity as OEC in PEC water oxidation. The deposition method, 

besides being cost-effective, is scalable and extremely versatile since it should also be 

practical for large-area deposition and successfully applicable in the case of a wide 

range of materials beyond bismuth and iron vanadates. It offers the possibility of 

achieving a well-defined Ni(OH)2 structure by controlling the amount of deposited co-

catalyst in an effective way by changing only the deposition time and monitoring the 

amount of deposited Ni(OH)2 by cyclic voltammetry. In such a way, it is possible to 

quantify the surface density of co-catalyst needed for an optimum electrode PEC 

performance. Surface modification of BiVO4 and FeVO4 with Ni(OH)2 layers also 

enhances their chemical and photoelectrochemical stability in alkaline solutions, a much 

more convenient working media from the standpoint of their practical applicability in 

water splitting devices [69].  

2. Experimental section.  

2.1. Preparation of BiVO4 photoanodes. Pristine BiVO4 thin film photoanodes were 

prepared on fluorine-doped tin oxide (F:SnO2, FTO, U-type 12 Ω2, Asahi Glass Co.) by 

a previously reported procedure based on a modified metal-organic decomposition 

method (MOD) followed by a thermal degradation of the corresponding metal-organic 

precursor [70]. Bi and V precursor solutions were prepared by dissolving 

Bi(NO3)3·5H2O (Sigma-Aldrich, 98%) 0.2 M and VO(C5H7O2)2 (Fluka Analytical, 

97%) 0.03 M in acetic acid (Scharlau, 99%) and acetylacetone (Fluka Analytical, 

99.5%), respectively. They were mixed in a 1:1 mole ratio of Bi to V to obtain the 
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corresponding BiVO4 precursor solution. Then, 40 μL of the mixed solution was 

dropped onto an FTO glass plate (area to be covered: 1 cm2), previously cleaned by 15-

min sonication (Selecta Ultrasonics) in acetone (Panreac, P.A.) and ethanol (VWR 

Prolabo Chemicals, 96%), and spread over it with a spin-coater (Chemat Technology, 

KW-4A) at a spin rate of 1500 rpm for 10 s. Finally, the electrodes were annealed at 

500ºC for 30 min in air, with a heating rate of 5ºC·min-1, using a programmable furnace 

(Conatec, 7800). This procedure was repeated six times to achieve the optimum BiVO4 

film thickness.  

2.2. Preparation of doped BiVO4 photoanodes. La (1 at%)- and Ce (2 at%)-doped 

BiVO4 thin film photoanodes were obtained following the same procedure described 

above, but incorporating the doping element in the BiVO4 precursor solution at the 

desired concentration (in at% with respect to either Bi or V content) [70]. In this case, 

La(NO3)3·6H2O (Fluka Analytical, 99%) and Ce(NO3)3·6H2O (Strem Chemicals, 99%) 

were employed as La and Ce precursors, respectively.  

2.3. Preparation of FeVO4 photoanodes. FeVO4 thin film photoanodes were also 

synthesized by layer-by-layer coating over conducting FTO glass substrates through a 

modified MOD method followed by a thermal treatment [28]. The FeVO4 precursor 

solution was prepared by mixing Fe(NO3)3·9H2O (Merck, 99%) and VO(C5H7O2)2 

(Fluka Analytical, 97%), in equimolar 0.2 M concentration, in a 10-mL solution of 

acetic acid (Scharlau, 99%) and acetylacetone (Fluka Analytical, 99.5%) (1:8.25 by v/v) 

that was magnetically stirred for 24 h. The resulting solution was then spun on clean 

FTO glass substrates (40 μL for an area to be covered of 1 cm2) at 1000 rpm for 30 s 

and subsequently annealed at 250ºC for 10 min (heating rate: 5ºC·min-1). This process 

was repeated five times, and then, the films were annealed in two stages: a first 

annealing at 500ºC for 30 min was applied to combust the organic compounds and to 
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improve the contact among the particles and with the substrate, and a second annealing 

at 550ºC for 1 h to obtain the final films. These heat treatments were also done in air 

with a heating rate of 5ºC·min-1. 

2.4. Ni(OH)2 surface deposition on pristine and doped BiVO4 and FeVO4 

photoanodes. Ni(OH)2 was deposited on pristine and doped BiVO4 and FeVO4 

photoanodes by a CBD procedure [56]. The deposition solution contained 25 mL of 0.5 

M NiSO4·6-7H2O (Riedel-de Haën, for nickel plating), 12.5 mL of 1 M urea (Sigma-

Aldrich, P.A.) and 12.5 mL of H2O (Millipore, Essential Elix 3). The FTO substrates 

were vertically supported with the conducting side (either bare or covered with BiVO4 

or FeVO4) faced against the beaker wall, and the solution was heated up to 100ºC in a 

stove (Memmert, 100-800). Different deposition times (from 10 to 50 min) were 

assayed as to control the amount of deposited Ni(OH)2. After deposition, the samples 

were rinsed with distilled water, air dried and annealed at 200ºC in air for 1 h (heating 

rate: 5ºC·min-1). This heat treatment does not induce the dehydrogenation of the 

deposited Ni(OH)2 [71]. 

2.5. Photoanode characterization and photoelectrochemical measurements. A SEM 

study was carried out to characterize the surface morphology of the films using a ZEISS 

Merlin VP Compact field emission scanning electron microscope (FESEM). TEM 

micrographs were obtained with a JEOL transmission electron microscope JEM-2010. 

For the surface composition study of the films, XPS experiments were done with a 

Thermo-Scientific K-Alpha XPS spectrometer equipped with a monochromatic Al-Kα 

source (1486.6 eV), operating at 15 kV and 10 mA.  

PEC measurements were conducted at room temperature in a home-made Pyrex glass 

cell with a fused silica window and a computer-controlled potentiostat-galvanostat 

(Autolab, PGSTAT30). A Pt wire and an Ag/AgCl/KCl(3 M) electrode were used as the 
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counter and reference electrodes, respectively. Unless otherwise stated, all the potentials 

are referred to this Ag/AgCl electrode. An N2-purged NaBi (pH = 10.0) buffer solution 

was used as the working electrolyte for the (photo)electrochemical measurements. The 

light source was an ozone-free 1000 W Xe(Hg) lamp (Newport Instruments, 66921) 

equipped with a water filter to minimize the infrared contribution of the beam, and all 

the PEC measurements were carried out by irradiating the prepared photoanodes 

through the electrolyte/electrode interface (EE illumination). The photon flux intensity 

was measured by means of a photodiode power meter (Thorlabs, PM100D), and the 

typical value was approximately 100 mW·cm-2. 

 

3. Results and discussion.  

3.1. Pristine and La- and Ce-doped BiVO4 photoanodes modified with Ni(OH)2. Fig. 1 

shows the electrochemical characterization in the dark for BiVO4/Ni(OH)2 photoanodes 

prepared for different Ni(OH)2 deposition times (from 10 to 50 min), together with the 

corresponding response for FTO/Ni(OH)2 electrodes synthesized for the same 

deposition times. The voltammetric behavior of the BiVO4 substrate is characterized by 

the appearance of quasi-reversible pseudocapacitive signals at potentials below -0.2 V, 

which is attributed to redox processes undergone by V surface atoms. Importantly, the 

voltammetric profiles are stable over a wide potential range, which suggests stability of 

the BiVO4 film. Voltammograms for bare pristine and doped BiVO4 electrodes are 

shown in Fig. S1. As the Ni(OH)2 deposition proceeds, a cathodic peak grows at 

approximately 0.65 V, which is associated with the redox process:  

NiOOH + H2O +  e−   ⟶   Ni(OH)2 + OH−                                                        Eq. (1) 

Doped BiVO4 electrodes show the same voltammetric behavior for different Ni(OH)2 

deposition times as shown in Figs. S2 and S3.  
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As expected, the charge associated to the Ni reduction peak (qNi) increases with the 

Ni(OH)2 deposition time (Fig. 2a). The deposition of Ni(OH)2 on the BiVO4 and FTO 

surfaces has a direct effect on the electrochemical behavior of these electrodes in the 

region of positive potentials. In fact, immediately above 0.7 V, significant faradaic 

currents, attributable to oxygen evolution in the dark, are observed. These currents 

increase with the amount of deposited Ni(OH)2 (Fig. 2b). From the curves in Fig. 2a, it 

is evident that the nucleation rate of Ni(OH)2 on both surfaces is rather slow and their 

subsequent growth is significantly faster for the FTO substrate. On the other hand, the 

OER activity tends to saturate for relatively large amounts of Ni(OH)2. Interestingly, for 

low Ni(OH)2 amounts, the vanadate substrate slightly enhances the OER catalytic effect 

over that of the bare FTO case, which is particularly relevant for the use of Ni(OH)2 as a 

co-catalyst.  

Linear scan voltammograms recorded under transient illumination for 

BiVO4/Ni(OH)2, La (1 at%)-BiVO4/Ni(OH)2 and Ce (2 at%)-BiVO4/Ni(OH)2 prepared 

for different Ni(OH)2 deposition times (from 0 to 50 min) (Fig. 3 and Fig. S4) are 

characterized by the existence of very small dark currents together with stable anodic 

photocurrents whose magnitude is clearly deposition-time dependent. The maximum 

value of the photocurrent is obtained for a deposition time of 20 min. For longer times 

(30 min and beyond), a drastic decrease in the magnitude of the photocurrent is 

observed. This reduction in photocurrent is accompanied by a significant intensification 

of the anodic and cathodic spikes observed upon illumination/light interruption. This is 

a clear sign of electron-hole recombination induced by hole trapping in the relatively 

thick Ni(OH)2 layer deposited on the photoanode surface: although initially the 

separation of the photogenerated charges takes place, holes are trapped likely at the 

BiVO4/Ni(OH)2 interface, favoring recombination. In fact, charge transport through 
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Ni(OH)2 is not efficient due to its low electrical conductivity, which implies that 

ultrathin Ni(OH)2 layers are required for a fast hole transfer to solution and a subsequent 

good (photo)electrocatalytic performance. It is also worth noting that the incorporation 

of the catalyst does not induce any displacement of the photoonset value, which is 

located at around -0.8 V vs. Ag/AgCl (0.0 V vs. RHE).  

Chronoamperometric measurements for pre-optimum (10 min), optimum (20 min) 

and post-optimum (30 min) Ni(OH)2 deposition times for BiVO4/Ni(OH)2 (Fig. 4a-c) at 

-0.5 V (i. e., close to the photocurrent onset) confirm the tendencies already observed in 

the voltammetric experiments. Concretely, Fig. 4d shows a plot of the photocurrent 

recorded at -0.5 V for BiVO4/Ni(OH)2 photoanodes vs. the charge density 

corresponding to the reduction of NiOOH. The same tendency, although less marked, is 

observed for other values of applied potential. This plot shows how the photocurrent 

magnitude varies as a function of the amount of Ni, which, in turn, is dependent on the 

Ni(OH)2 deposition time. The optimum is located at a qNi of approximately 125 μC·cm-2 

(for a deposition time equal to 20 min). This value corresponds to a Ni atom surface 

density of 5.4·1014 cm-2. By using the qNi value corresponding to one monolayer (ML) 

as defined in a previous study [56], a second x-axis is added to Fig. 4d, indicating in an 

explicit way the number of equivalent monolayers for the different studied samples. 

Strikingly, the optimum co-catalyst coverage is as low as 0.46 ML. We should 

emphasize that the coverage calculation is done by assuming that the surface is perfectly 

flat, which is not the case (see below). The actual coverage that would be calculated on 

the basis of the real surface area would be substantially smaller. Such a low optimum 

coverage clearly illustrates the concept of active site as only a minor fraction of the 

BiVO4 surface sites seems to be relevant in the trapping and transfer of holes to the 

electrolyte. On the other hand, the low optimum Ni(OH)2 coverage is also a result of the 
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poor charge transport properties of Ni(OH)2/NiOOH. The existence of a region with a 

Ni(OH)2 deposit with a thickness equivalent to several monolayers would be deleterious 

for the final hole transfer to solution.  

In the same way, the surface density of co-catalyst needed for an optimum electrode 

PEC performance is estimated to be around 1.2·1015 and 1.4·1015 Ni atoms/cm2 for La 

(1 at%)- and Ce (2 at%)-doped BiVO4 photoanodes, which corresponds to 0.99 and 1.2 

ML, respectively. The significant difference in the optimum Ni atom surface density 

between pristine and doped electrodes could be attributed to the fact that, in the doped 

samples, there would be more surface active centers as a consequence of the doping 

procedure than in the case of pristine BiVO4.  

Fig. 5a-d displays top view FESEM images for a bare BiVO4 sample and BiVO4 

samples modified with Ni(OH)2 for deposition times of 10, 20 and 30 min (see Fig. S5a 

for a BiVO4 cross-sectional FESEM image showing a vanadate film thickness of about 

0.4 µm). From the comparison of these FESEM micrographs, no significant differences 

are observed in the electrode morphology upon modification with Ni(OH)2 for the 

studied deposition times. Only in the case of the BiVO4 sample modified with Ni(OH)2 

(deposition time of 30 min), the appearance of an overstructure in the form of acicular 

particles corresponding to the Ni(OH)2 deposit on the relatively rough surface of the 

BiVO4 substrate starts to be discerned (see encircled area in Fig. 5d). It is also important 

to note that Fig. 5a-d and particularly Fig. S5a evince the compact nature of the BiVO4 

film, which precludes the existence of Ni(OH)2 in direct contact with the substrate. 

Selected TEM micrographs (Fig. 5e-h) do reveal the existence of the Ni(OH)2 deposit 

more clearly. Comparing images obtained for a bare BiVO4 sample (Fig. 5e) with those 

corresponding to samples modified with Ni(OH)2 for deposition times of 10, 20 and 30 

min (Fig. 5f-h), the existence of Ni(OH)2 deposits of different thickness on the surface 
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of BiVO4 photoanodes can be verified. This Ni(OH)2 deposit grows as the deposition 

time increases and it consists of particles with an elongated morphology and small 

dimensions. It is worth noting that the selected TEM images in Fig. 5 are those 

revealing more clearly the existence of the Ni(OH)2 deposit. In any case, it should be 

emphasized that the average Ni(OH)2 layer thickness for deposition times of 10, 20 and 

30 min is extremely low (that is, only ultrathin films are generated). In fact, EDX 

analysis of the samples could not detect the presence of Ni whose concentration is thus 

below the detection limit of the equipment.  

It can then be assumed that, for submonolayer and monolayer coverages, most of the 

deposited nickel atoms are distributed in small clusters or islands. These isolated 

Ni(OH)2 islands would be able to quickly exchange photogenerated holes with the 

electrolyte as the fraction of nickel atoms exposed to the electrolyte would be 

maximum. By trapping holes photogenerated in the semiconductor, surface Ni2+ would 

locally oxidize to Ni3+. Only a minor fraction of these Ni3+ centers would be further 

oxidized to Ni4+ due to the trapping of a second photogenerated hole. The Ni4+ species 

are supposed to act as the actual electrocatalytic centers, finally transferring the hole to 

solution and participating in the oxidation of water to O2, with its subsequent reduction 

to Ni3+ (Fig. 6). However, as coverage grows (for Ni(OH)2 deposition times of 30 min 

and beyond), an increasing fraction of the deposited Ni atoms would be in second and 

successive monolayers, not in direct contact with the electrolyte, being thus less 

effective for promoting the OER. This fact, together with the rather low electrical 

conductivity of the increasingly thick Ni(OH)2 deposit, would cause a drastic decrease 

in their activity as co-catalyst, preventing the exchange of charges with solution and 

enhancing electron-hole recombination. It is finally relevant to mention that with a very 
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low deposited amount, invoking a preferential transfer of the holes to the Ni(OH)2 phase 

is not sound, being the role of the Ni(OH)2 (sub)monolayer almost exclusively catalytic.  

Fig. 7 shows a comparison between the initial and final (before and after the 

photoelectrochemical characterization, respectively) voltammetric measurements in the 

dark for these electrodes in an N2-purged NaBi buffer solution (pH = 10.0). No 

important differences in the shape of the corresponding voltammograms are observed, 

and the charge density exchanged in the NiOOH reduction process remains almost 

constant before and after the photoelectrochemical characterization. This is particularly 

significant on account of the very low amounts of deposited Ni(OH)2. These results 

point to a significant stability of the electrodes in alkaline solutions.  

Fig. 8 contains Ni 2p XPS spectra for BiVO4/Ni(OH)2, La (1 at%)-BiVO4/Ni(OH)2 

and Ce (2 at%)-BiVO4/Ni(OH)2 photoanodes, prepared for a Ni(OH)2 deposition time 

of 20 min. In the three cases, the XPS spectrum of Ni shows two main peaks with 

binding energies (Eb) of around 855.9 eV and 873.5 eV, corresponding to the Ni 2p3/2 

and 2p1/2 transitions [56], respectively, and one 2p satellite band [53] at 862 eV. The 

accurate determination of the specific Ni oxidation state is usually difficult as there are 

diverse binding energies for the same Ni oxidation state (Ni2+ and Ni3+) within a range 

of 1 eV [53]. However, in this case, the clear shift of Ni 2p3/2 peaks to higher Eb values 

with respect to those typical for NiO [72–74] and the absence of peaks attributable to Ni 

in its oxidized form (NiOOH) provide evidence that, as expected, the deposit over the 

prepared samples is completely composed of Ni(OH)2. According to the XPS 

quantitative analysis, the Ni content (in at%) on the BiVO4/Ni(OH)2, La (1 at%)-

BiVO4/Ni(OH)2 and Ce (2 at%)-BiVO4/Ni(OH)2 studied samples is 1.22, 1.63 and 2.06 

at%, respectively. These results are consistent with the amounts of Ni obtained from 

electrochemical measurements, which are larger for the doped samples than for pristine 
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BiVO4. XPS spectra for Bi 4f, V 2p, O1s, La 3d and Ce 3d are given in the 

Supplementary Materials (Figs. S6-S8). 

3.2. FeVO4 photoanodes modified with Ni(OH)2. The XRD pattern for FeVO4 

deposited on FTO (Fig. S9) presents weak reflections corresponding to the main lines of 

the triclinic polymorph, thus confirming its crystalline structure. As shown in Fig. 9a, a 

FESEM image of the FeVO4 surface reveals that the deposit exhibits the typical 

morphology of a thin film characterized by a low porosity and a high compactness (see 

Fig. S5b for a FeVO4 cross-sectional FESEM image). The linear scan voltammogram 

under transient illumination presented in Fig. 9b shows the existence of small dark 

currents (in agreement with the cyclic voltammogram also shown in Fig. 9b) together 

with anodic photocurrents over a wide potential range. The photocurrent, whose 

magnitude increases with increasing applied potentials, confirms an n-type electrical 

character for the prepared semiconductor film, which is remarkably stable. The 

photoonset potential is located, approximately, at -0.1 V, which agrees with previous 

studies [28]. 

The deposition of Ni(OH)2 on FeVO4 photoanodes has also been studied (Fig. 10). 

Upon depositing different amounts of Ni(OH)2, an electrochemical behavior similar to 

that discussed for BiVO4 electrodes is observed. In fact, a growing cathodic peak in the 

corresponding cyclic voltammetry in the dark linked to the NiOOH reduction process 

appears at approximately 0.65 V as Ni(OH)2 deposition proceeds (Fig. 10a-e). This 

leads to a subsequent improvement in the magnitude of the photocurrents for the 

FeVO4/Ni(OH)2 electrode until a maximum enhancement is reached for a Ni(OH)2 

deposition time of 20 min. For Ni(OH)2 deposition times above 30 min, a significant 

decrease in the magnitude of the photocurrent is observed, together with the appearance 

of anodic and cathodic spikes upon illumination/light interruption. The deposition of 
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Ni(OH)2 does not induce any displacement of the photoonset, which remains located at 

-0.1 V (Fig. 10f-j).  

As previously discussed, the voltammetric signals for the presence of Ni(OH)2 which 

are present in the cyclic voltammograms in the dark in Fig. 10a-e allows for an accurate 

determination of the deposited co-catalyst amount. In this way, Fig. 11 shows a plot of 

the photocurrent recorded at 0.1 V for FeVO4/Ni(OH)2 photoanodes vs. the charge 

density corresponding to the reduction of NiOOH for samples with different loadings of 

Ni(OH)2. The optimum coverage (see Fig. S10 for a FESEM image) corresponds to a 

charge density of approximately 450 μC·cm-2 (for a deposition time equal to 20 min), 

which is equivalent to around 1.68 Ni(OH)2 ML. It is worth noting that the amount of 

deposited Ni(OH)2 inducing the maximum enhancement in the photocurrent values is 

significantly larger than that required for pristine BiVO4. This could be simply linked to 

the fact that the surface roughness of FeVO4 appears to be larger than that of BiVO4.  

 

 

4. Conclusions.  

This study aims to illustrate the need for a careful control of the amount of co-catalyst 

deposited on the photoelectrode surface as a key factor determining its efficiency, as 

well as the usefulness of electrochemical methods for monitoring such an amount. For 

this purpose, ultrathin Ni(OH)2 layers have been deposited on pristine and doped BiVO4 

as well as on pristine FeVO4 photoanodes by means of a urea-based chemical bath 

deposition method that allows for a straightforward and fine control of the quantity of 

deposited co-catalyst. By controlling the deposition time, photoanodes surface-modified 

with different amounts of Ni(OH)2 have been prepared and their electrocatalytic activity 

studied and discussed as a function of the amount of deposited Ni(OH)2. Cyclic scan 
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voltammograms in the dark provide clear voltammetric signals associated with 

Ni(OH)2, allowing for an accurate determination of its loading, while linear scan 

voltammograms under transient illumination offer insights into the photoactivity for the 

oxygen evolution reaction of the as-fabricated photoanodes.  

The electrocatalytic activity of the Ni(OH)2-modified BiVO4 photoanodes rapidly 

increases with the amount of deposited Ni(OH)2 until an optimum value is reached (for 

20 min of Ni(OH)2 deposition in all cases). The coverage values that enable an optimum 

PEC performance have been calculated to be 0.46, 0.99 and 1.2 equivalent Ni(OH)2 

monolayers, for pristine, La (1 at%)- and Ce (2 at%)-doped BiVO4 photoanodes, 

respectively. In the case of the FeVO4 electrodes, the highest enhancement in the values 

of the recorded photocurrents is achieved with 1.68 equivalent Ni(OH)2 monolayers.  

The enhancement observed upon Ni(OH)2 deposition results from the fact that the 

Ni(OH)2 deposit acts as an oxygen evolution catalyst, favoring the transfer of 

photogenerated holes through the electrode/electrolyte interface. In fact, when the 

amount of co-catalyst over the photoanode surface is low, most of the deposited nickel 

atoms act as active catalytic centers for hole transfer to solution as they should be 

distributed in monolayer-high islands and directly exposed to the electrolyte. However, 

thicker Ni(OH)2 layers, obtained for longer deposition times (above 30 min), induce a 

drastic decrease in the electrocatalytic activity. This is attributed to the fact that an 

increasing number of deposited Ni atoms would not act as active catalytic centers but as 

recombination centers, as they are not in direct contact with the electrolyte. This 

together with the poor charge transport capabilities of the Ni(OH)2 deposit leads to 

enhanced charge recombination at the semiconductor/Ni(OH)2 interface. It is worth 

noting that the low value of the optimum Ni(OH)2 coverage also illustrate clearly the 

concept of surface active site in photoelectrocatalysis.  
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In more general vein, this study shows that the modification of vanadate electrodes 

with optimized Ni(OH)2 loadings enables their potential practical application as 

efficient photoanodes in water splitting devices while using minimum amounts of Ni-

based co-catalyst. In fact, the possibility of using a method that allows the slow and 

controlled deposition of extremely small amounts of co-catalyst, as shown here, can 

also enable the practicality of more expensive co-catalysts, such as IrOx or RhO2.  
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Figure captions. 

Figure 1. Cyclic voltammograms (scan rate: 10 mV·s-1) in the dark for BiVO4/Ni(OH)2 

(black line) and FTO/Ni(OH)2 electrodes (red line), corresponding to deposition times 

of (a) 10 min, (b) 20 min, (c) 30 min, (d) 40 min and (e) 50 min. Insets in (a) and (b): 

detail of the voltammetric curves in the high potential region.  

Figure 2. (a) Charge density associated with the NiOOH reduction peak vs. Ni(OH)2 

deposition time, for BiVO4/Ni(OH)2 (black line) and FTO/Ni(OH)2 electrodes (red 

line). (b) Current density attributable to the oxygen evolution reaction in the dark, 

measured at 0.9 V vs. the charge density associated to the NiOOH reduction peak, for 

BiVO4/Ni(OH)2 (black line) and FTO/Ni(OH)2 electrodes (red line).  
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Figure 3. Linear scan voltammograms (scan rate: 5 mV·s-1) under transient electrolyte-

electrode illumination (100 mW·cm-2, approx.) for (a-c) BiVO4/Ni(OH)2, (d-f) La (1 

at%)-BiVO4/Ni(OH)2 and (g-i) Ce (2 at%)-BiVO4/Ni(OH)2 photoanodes, prepared for 

different Ni(OH)2 deposition times (0, 20 and 30 min).  

Figure 4. Chronoamperometric experiments under transient electrolyte-electrode 

illumination (100 mW·cm-2, approx.) at -0.5 V for BiVO4/Ni(OH)2 photoanodes 

corresponding to deposition times of (a) 10 min, (b) 20 min and (c) 30 min. (d) 

Photocurrent density for the OER at -0.5 V for BiVO4/Ni(OH)2 photoanodes, prepared 

with different Ni(OH)2 deposition times (from 0 to 50 min) vs. the charge density 

corresponding to the reduction of NiOOH (and vs. the Ni(OH)2 coverage on the 

electrode surface).  

Figure 5. FESEM images corresponding to top views of a (a) bare BiVO4 photoanode 

and BiVO4/Ni(OH)2 photoanodes for Ni(OH)2 deposition times of (b) 10 min (pre-

optimal), (c) 20 min (optimal) and (d) 30 min (post-optimal). The encircled area in (5d) 

shows the existence of small particles of deposited Ni(OH)2. TEM images 

corresponding to a bare BiVO4 photoanode (e) and BiVO4/Ni(OH)2 photoanodes for 

Ni(OH)2 deposition times of (f) 10 min, (g) 20 min and (h) 30 min. 

Figure 6. Diagram of the mechanism through which the Ni(OH)2 deposit acts as a co-

catalyst for the oxygen evolution reaction. A thicker line indicates a higher flow of 

photogenerated holes. 

Figure 7. Cyclic voltammograms (scan rate: 10 mV·s-1) in the dark for (a) 

BiVO4/Ni(OH)2, (b) La (1 at%)-doped BiVO4/Ni(OH)2 and (c) Ce (2 at%)-doped 

BiVO4/Ni(OH)2 thin film photoanodes prepared with a deposition time of 20 min, 

before (black line) and after (red line) their photoelectrochemical characterization.  
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Figure 8. Ni 2p XPS spectra for (a) BiVO4/Ni(OH)2, (b) La (1 at%)-BiVO4/Ni(OH)2 

and (c) Ce (2 at%)-BiVO4/Ni(OH)2 photoanodes, prepared with a Ni(OH)2 deposition 

time of 20 min. 

Figure 9. (a) FESEM image corresponding to a top view of a FeVO4 photoanode. (b) 

Cyclic voltammogram (scan rate: 10 mV·s-1) in the dark (black line) and linear scan 

voltammogram (scan rate: 5 mV·s-1) under transient electrolyte-electrode illumination 

(100 mW·cm-2, approx.) (red line) for a FeVO4 thin film photoanode.  

Figure 10. (a-e) Cyclic voltammograms (scan rate: 10 mV·s-1) in the dark and (f-j) 

linear scan voltammograms (scan rate: 5 mV·s-1) under transient electrolyte-electrode 

illumination (100 mW·cm-2, approx.) for FeVO4/Ni(OH)2 electrodes corresponding to 

Ni(OH)2 deposition times of (a, f) 10 min, (b, g) 20 min, (c, h) 30 min, (d, i) 40 min and 

(e, j) 50 min. Red line in (g) corresponds to the linear scan voltammogram for a bare 

FeVO4 photoanode. 

Figure 11. Photocurrent density for the OER at 0.1 V for FeVO4/Ni(OH)2 photoanodes, 

prepared with different Ni(OH)2 deposition times (from 0 to 50 min) vs. the charge 

density corresponding to the reduction of NiOOH (and the Ni(OH)2 coverage on the 

electrode surface). 
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