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A B S T R A C T

Conventional electrochemical systems involving the oxygen evolution reaction (OER) in the anodic compartment 
suffer from low efficiency and high energy consumption, accounting for over 90 % of the total energy input, 
thereby hindering the practical application of this technology. The reliance on external energy can be decreased 
by coupling external renewable energy sources, such as solar energy, through a sustainable photoelectrochemical 
(PEC) approach driven by efficient photoanodes. In this study, we present the automated fabrication and opti
mization of multi-layered Ni-decorated CaTiO3/WO3/BiVO4 photoanodes, supported onto FTO substrates, for 
enhanced PEC water oxidation under visible-light illumination. Different photoanode configurations are fabri
cated via layer-by-layer deposition, with the top layer consisting of either sequentially deposited Ni and BiVO4 
layers or a physical mixture of the two materials. The mixed Ni-BiVO4 top layer configuration strengthens the 
synergistic interaction between components, resulting in enhanced PEC performance with a cathodic potential as 
low as − 1.17 V vs. Ag/AgCl at a practically relevant current density of 100 mA cm− 2. Furthermore, the applied 
bias photon-to-current efficiency (ABPE) for this optimized photoanode configuration reaches a maximum of 
0.52 %, corresponding to an O2 production rate of 2 μmol cm− 2 h− 1 under visible light (100 mW cm− 2). Overall, 
this work demonstrates how optimizing multi-layered photoanodes enables operation at current densities rele
vant for practical applications, paving the way for their integration in PEC systems.

1. Introduction

The global energy landscape is changing rapidly, as efforts to address 
climate change and improve energy security gain significant mo
mentum, driving a transition to cleaner and more sustainable energy 
solutions [1]. Among the methods for energy production and storage, 
conventional electrochemical (EC) systems have been widely studied 
and used for their ability to drive redox reactions such as the hydrogen 
evolution reaction (HER) and CO₂ reduction reaction (CO2RR) [2]. 
These systems rely entirely on external energy sources to activate the 
necessary reactions at the electrodes. However, despite their techno
logical maturity and scalability, this process still faces significant chal
lenges that hinder its development and practical application [3]. These 
include the high energy consumption, mainly due to the oxygen evolu
tion reaction (OER), which accounts for more than 90 % of the total 

energy input (130 kWh per kilogram) [3,4], the high overall cost, and 
the limited durability of the cathode, among other issues [5]. Part of the 
external energy demand can be met by coupling the electrochemical 
system with external renewable energy sources, such as solar energy, in 
a sustainable photoelectrochemical (PEC) approach driven by photo
responsive anodes [6]. In this way, solar energy is harnessed in a pho
toactive surface to provide an extra flow of electrons (e⁻) toward the 
cathode, thus improving the reduction of CO2 to value-added products 
or the production of green H2 through PEC water splitting in the cath
ode, as well as facilitating the OER [7,8]. PEC strategies can drastically 
lower the energy and carbon footprint of electrochemical processes [9, 
10]. Recent studies have further explored advanced configurations, such 
as coupling anodic glycerol electrooxidation with H2 generation, to 
improve the overall efficiency of PEC systems [9,10]. The development 
of efficient PEC systems, however, remains limited by the performance 
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of photoactive catalysts and the need for materials capable of operating 
at high current densities with significant stability and durability [11, 
12].

The heterostructure/multi-layered construction is one of the most 
promising strategies to improve the performance of PEC processes and 
enhance the photostability of materials used as photoanodes [13–15]. 
Semiconductors such as BiVO4, TiO2, ZnO, FeOOH, and Fe2O3 are 
commonly used for PEC water oxidation due to their ability to improve 
light absorption, facilitate more effective separation of photogenerated 
charge carriers, and enhance the stability of the photoelectrode [16].

Nevertheless, some of these semiconductors have limited solar en
ergy harvesting capabilities due to their wide bandgaps, high charge 
recombination rates, and stability limitations in aqueous environments, 
which ultimately reduce the efficiency of solar-driven PEC processes 
[17,18].

Bismuth(III) vanadate (BiVO4) has attracted considerable attention 
due to its suitable bandgap (~2.4 eV), which allows it to absorb visible 
light, low cost, and the high photovoltage (>1 V) generated at the 
semiconductor-liquid junction [19]. The main challenges that still make 
the practical application of BiVO4 difficult are its low electrical con
ductivity and slow surface reaction kinetics for water oxidation [20]. 
Moreover, tungsten oxide (WO₃) represents an earth-abundant visible-
light n-type semiconductor noted for its remarkable chemical stability 
and electrical conductivity. WO3 presents a bandgap ranging from 2.5 to 
2.8 eV, providing absorption of approximately 12 % of the solar spec
trum [21]. Previous work in our group included the automated and 
reproducible fabrication of multi-layered BiVO4/WO3 photoanodes with 
different mass ratios supported onto porous Toray carbon paper for PEC 
under front-illumination conditions [22]. The physicochemical charac
terization showed that the highest photoactivity is reached with the 
photoanode BiVO4/WO3 (80:20), associated with an improved visible 
light absorption (BiVO4 as the top layer) due to the narrow bandgap of 
the monoclinic BiVO4 structure and synergetic effects between BiVO4 
and WO3, leading to higher current densities at the cathode. The opti
mized BiVO4/WO3 photoanode achieved a photocurrent of 
− 2.3 mA cm− 2, leading to a significant 15 % increase compared to a bare 
BiVO4 photoelectrode (-2 mA cm− 2) at − 2 V vs. Ag/AgCl under an 
illumination intensity of 100 mW cm− 2 (1 sun) [22]. As bare BiVO4 
suffers from poor electron conductivity and slow OER kinetics [23], the 
addition of WO3 may help improve efficiency by facilitating electron 
transfer from BiVO4 and reducing charge transfer resistance [24,25]. On 
the other hand, titanate-based perovskites are excellent semiconducting 
materials for solar energy conversion applications due to their unique 
electronic and structural properties, high stability, and corrosion resis
tance in aqueous solutions [26]. In particular, calcium titanate (CaTiO3) 
presents a relatively wide bandgap of approximately 3.4 eV. Although 
the absorption of visible light can be limited, CaTiO3 can serve as an 
excellent electron collector in a multi-layered structure, thus enhancing 
charges separation [27]. Previous work on optimizing the configuration 
of a multi-layered CaTiO3 (bottom layer) photoelectrode with BiVO4 
(top layer) revealed that back illumination with Fluoride-doped Tin 
Oxide (FTO) supports leads to an improved PEC process performance 
when adjusting the CaTiO3/BiVO4 mass ratio in comparison with the 
performance of the photoelectrodes under front-illumination conditions 
[28].

Recent studies have also demonstrated that metallic surface modi
fications, especially those containing Fe, Cr, or Ni, can form catalytically 
active NiFe(oxy)hydroxide species that boost OER activity while pro
tecting the underlying semiconductor from degradation [29]. Particu
larly, Ni has demonstrated its potential to effectively reduce the bandgap 
of the heterostructure, increase the specific surface area and broaden the 
light absorption spectrum [30,31]. Indeed, Ni doping has been shown to 
enhance the photocurrent density of BiVO4-based photoanodes by a 
factor of three in comparison with undoped samples, which is attributed 
not only to enhanced OER catalysis, but also improved charges separa
tion process [23,32].

Taking all this into consideration, the present work focuses on the 
design, development, and optimization of advanced Ni-decorated multi- 
layered BiVO4/WO3/CaTiO3 photoanodes for the OER, which are then 
integrated into a PEC electrolyzer operating under continuous single- 
pass conditions at relevant current densities. The study provides novel 
insights into photoanodes optimization, proposing strategies to enhance 
light harvesting and OER performance. By addressing key challenges 
such as charge separation, light absorption, and limited current den
sities, this work advances the development of energy-efficient PEC 
production systems in continuous operation, bridging the gap between 
laboratory-scale research and practical solar-driven applications.

2. Materials and methods

2.1. Photoanodes preparation

The materials used in this study to fabricate the multi-layered pho
toanodes include commercial CaTiO3 nanopowder (< 100 nm, 99 %, 
Aldrich Chemistry), WO3 nanopowder (< 100 nm, 99,995 %, Aldrich 
Chemistry), BiVO4 mesh powder (∼200 µm, 99,9 %, Alfa Aesar) and Ni 
nanopowder (< 100 nm, 99 %, Aldrich Chemistry). The inks consist of 
isopropanol (laboratory reagent grade, ≥99.5 %, Fisher Chemicals) as 
the solvent (97 wt%) and a Nafion D521 binder (5 wt% dispersion, Ion 
Power), with a catalyst/binder ratio of 70/30 [33]. The ink solutions are 
prepared and sonicated for 1 h to ensure homogeneity and proper 
dispersion of the materials.

The automated and reproducible fabrication process involves a sys
tematic deposition of distinct layers onto a transparent FTO support 
(FTO-coated glass substrate 2.2 mm, 12–15 Ω sq− 1, MSE supplies). The 
photoanodes are manufactured with a geometric area of 10 cm2 using a 
spray pyrolysis technique (ND-DP Mini Ultrasonic Spray Coater, Nade
tech Innovations), as presented in Fig. S1. The equipment is designed 
with a heating plate set to maintain a temperature of 75 ºC to facilitate 
ink drying and adhesion, an integrated ink reservoir, an ultrasonic 
disperser, and a high-precision nozzle. The optimized conditions for this 
study include a nozzle height of 35 mm, a step distance of 1 mm [33], 
and a flow rate ranging from 10 to 15 mL h− 1 as a function of the ma
terial applied.

The fabricated multi-layered photoanodes include a CaTiO3 electron 
collector bottom layer (1 mg cm− 2), an intermediate WO3 conductive 
layer (0.75 mg cm− 2), and a BiVO4 light-harvesting top layer 
(3 mg cm− 2), following the protocol established in previous studies 
[28]. These multi-layered photoanodes are subsequently decorated with 
Ni nanoparticles following two different approaches: i) by adding a Ni 
layer with varying loadings (0.5 and 1 mg cm− 2) as the top surface, and 
ii) by replacing the BiVO4 top layer with a physical mixture of Ni 
(0.5 mg cm− 2) and BiVO4 (3 mg cm− 2) as the final top layer. Table 1
summarizes the nomenclature used in this work for the different man
ufactured photoanodes.

Table 1 
Sample coding for the different photoanode surfaces presented in this work.

Photoanode Code Top layer Ni loading (mg 
cm¡2)

CaTiO3/WO3/BiVO4/ 
Ni

CWBN0.5 Ni 0.5

CaTiO3/WO3/BiVO4/ 
Ni

CWBN1 Ni 1

CaTiO3/WO3/BiVO4- 
Ni

CWBN- 
M0.5

Ni-BiVO4 

mixture
0.5

CaTiO3/WO3/BiVO4 CWB - -
CaTiO3/BiVO4 CB - -
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2.2. Characterization

2.2.1. Physicochemical and optical measurements
The crystallinity and chemical composition of the fresh and used 

photoanodes are assessed using powder X-ray diffraction (PXRD) mea
surements. The spectra are obtained using a PANalytical X′Pert PRO 
diffractometer equipped with Cu Kα1 radiation (λ = 1.5406 Å) at room 
temperature. The instrument is operated at 40 kV and 40 mA and 
diffraction data are collected in a 2θ range of 5◦ to 70◦ with a step size of 
0.02◦ using a continuous scan mode. A PIXcel detector is employed [30]. 
Scanning electron microscopy (SEM) is conducted with a JEOL 
JSM-7000 F field emission microscope, which features a Schottky-type 
electron gun, secondary electron (SE) detector, backscattered electron 
(BSE) detector, and Oxford’s INCA X-sight Series Si(Li) penta-FET 
energy-dispersive X-ray spectroscopy (EDS) detector for spot, line, and 
mapping analysis. SEM images are acquired both on the surface and on 
the cross section of the fresh/used surfaces, at magnifications of 100X, 
1kX, 5kX, and 20kX. Both secondary electron (SE) and backscattered 
electron (BSE) detectors are utilized for generating images, with addi
tional elemental mapping performed using EDS for the bi-component 
photoanodes.

Diffuse reflectance spectroscopy (DRS) measurements are carried out 
over the 220–2200 nm wavelength range using a UV-Visible-NIR JASCO 
770-V spectrometer, equipped with an integrating sphere coated with 
Spectralon and offering a spectral resolution of 1 nm. A Spectralon 
reference is used for 100 % reflectance measurements, while internal 
attenuators are employed to establish zero reflectance and minimize 
background noise. For DRS measurements, electrodes are directly placed 
in the holder, and powder samples are prepared as pellets. The measured 
reflectance spectra are subsequently converted to Kubelka-Munk (K-M) 
absorption factors to evaluate the absorption spectra of the samples. This 
conversion is performed using the K-M equation: F(R) = (1-R∞)2/(2⋅R∞) 
(R∞ = Rsample / Rstandard, is the reflectance). The resulting UV-Vis-NIR 
absorption spectra obtained from the Kubelka-Munk equation for 
CaTiO3 powder sample is fitted to Tauc formula, (αhv)1/n = A(hv – Eg), 
where, α is the absorption coefficient, A is a constant, hν is photon en
ergy, and n is a factor that depends on the bandgap electron transition: 
0.5 for direct and 2 for indirect transitions. In the Kubelka-Munk 
approximation, F(R) is taken as proportional to the absorption coeffi
cient (α), and is therefore used in place of α in the Tauc plot. Afterwards, 
the bandgap is obtained from the intersection of the linear fit with the 
abscissa axis in the (αhν)1/n vs hν plot [34,35].

2.2.2. PEC characterization
PEC characterization is performed in a modified PEC filter-press 

reactor (Micro Flow Cell, ElectroCell A/s) adapted to be illuminated 
through a transparent methacrylate plate (PMMA, 92 % transparency) 
in the anodic compartment. The photoanode is exposed to visible LED 
lights (peak intensity at 450 nm) (Photolab LED 450–3, Apria Systems) 
with an intensity of 100 mW cm− 2 (1 sun) under back illumination [28]. 
The dark cathode consists of a platinized titanium plate (ElectroCell). A 
0.5 M KHCO₃ aqueous solution (ACS reagent, Thermo Scientific) is used 
as the electrolyte in both compartments, with a flow rate of 
0.57 mL min− 1 cm− 2 and a pH of 8.7 to prevent BiVO4 degradation [36]. 
The cell compartments are separated by a Nafion 117 ion exchange 
membrane (0.180 mm thick, > 0.9 meq⋅g− 1 exchange capacity, Ion 
Power). A thin, leak-free Ag/AgCl electrode (3.4 M KCl) serves as the 
reference electrode.

On-off chronopotentiometry (CP) measurements are conducted using 
a potentiostat-galvanostat (AutoLab PGSTAT 302 N, Metrohm Hispania) 
for 30 min at a constant current density of 100 mA cm− 2. On-off linear 
sweep voltammetry (LSV) analyses are performed between − 1.8 and 
− 1 V (vs. Ag/AgCl), at a scan rate of 50 mV s− 1. Subsequently, the po
tential range is extended from − 2 to 5 V (vs. RHE), maintaining the same 
scan rate, in order to evaluate the onset potential and the performance of 
the photoanodes during the OER. The measured potentials vs. Ag/AgCl 

electrode are converted to the reversible hydrogen electrode (RHE) scale 
according to the Nernst formula: ERHE = EAg/AgCl + 0.0591 × pH 
+ 0.197. Electrochemical impedance spectroscopy (EIS) measurements 
are also conducted at a fixed voltage of − 0.8 V vs. Ag/AgCl, with fre
quencies ranging from 10 kHz to 0.01 Hz, in order to assess the electron 
transfer resistance of the different photoanodes tested.

2.2.3. PEC performance
The photoanodes are tested in a divided filter-press reactor (Micro 

Flow Cell, ElectroCell A/s) operating under single-pass operation. O2 
production is evaluated at a constant current density of 100 mA cm− 2 

during continuous operation, with a platinized titanium plate serving as 
the dark cathode. An on-line gas chromatograph (990 Micro GC, Agi
lent), equipped with a Molsieve column, is utilized to quantify the 
concentrations of O2 and H2 produced at the photoanode and cathode 
outlets, respectively. All (photo)electrochemical tests are conducted in 
triplicate using freshly prepared photoanodes to ensure the reproduc
ibility of the samples. For O₂ and H₂ production measurements, samples 
were collected every 5 min to monitor product evolution.

The PEC performance of the electrolyzer is evaluated in terms of: 

• Production rate, r 
(

μmol
cm2h

)

: the amount of O2 and H2 produced per 

photoanode and cathode geometric area, respectively, during the 
experimental time.

r =
NF

A
(1) 

where NF is described as the molar flux of the products (µmol h− 1) and A 
is the geometric area of the electrodes (10 cm2). 

• Applied Bias Photon-to-Current Efficiency, ABPE (%): this represents 
the efficiency of converting solar energy into chemical energy at the 
photoanode, considering the applied bias. 

ABPE(%) = Jph
1.23 − Vapp

Plight
⋅100% (2) 

where Jph represents the photocurrent density (mA cm− 2), Vapp 
represents the applied bias versus RHE (V), and Plight is the total 
applied light intensity of AM 1.5 G (100 mW cm− 2).

• Faradaic Efficiency, FE (%): selectivity of the external current density 
applied toward the formation of H2 at the cathode. 

FE(%) =
z F NF

Q
⋅100% (3) 

where z is the number of electrons exchanged, which in the case of H2 
is 2, F represents the Faraday constant (96485 C mol− 1), NF reflects 
the molar flux of H2, and Q is the total current density applied (A).

• Cathodic Energy Efficiency, CEE (%): the amount of energy used in 
the formation of H2 at the cathode.

CEE(%) = FE⋅
ET

Vapp
(4) 

where FE represents the faradaic efficiency and ET is the theoretical 
potential for hydrogen production (V).

3. Results and discussion

3.1. Physicochemical and optical measurements

PXRD analyses of prepared photoanodes (Fig. 1) reveal the presence 
of perovskite CaTiO3 (ICDD PDF No. 01–086–1393), monoclinic WO3 
(ICDD PDF No. 01–071–2141), monoclinic BiVO4 (ICDD PDF 
No.00–014–0688), and metallic Ni (ICDD PDF No. 00–004–0850) 
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structures. The identification is made based on the data retrieved from 
the Powder Diffraction File (PDF) database [37]. This confirms the 
maintenance of all structures during the photoanode preparation pro
cess and aligns with the mass content of each layer, with BiVO4 re
flections being the most intense contributions due to its higher mass 
content. The broad, low-intensity hump observed at 2θ = 15–17◦ on the 
photoelectrodes (marked with an asterisk) results from the Nafion 
binder (a sulfonated tetrafluoroethylene-based fluoropolymer-copol
ymer) of poor crystallinity.

SEM images of the photoelectrode surfaces and cross sections are 

captured at various magnifications using secondary electron (SE) and 
backscattered electron (BSE) detectors for image generation, and EDS 
for elemental mapping of the multicomponent surfaces, as previously 
mentioned, to assess the large-scale homogeneity and fine details of the 
microstructure. Fig. 2a and Fig. 3a show SE images at 1 kX of fresh 
surfaces of the CWBN0.5 and CWBN-M0.5 photoanodes, together with 
the corresponding image built from the combination of BSE image and 
EDS mapping. The unused surface of CWBN0.5 appears mainly covered 
by Ni nanoparticles of 80–200 nm (depicted as green colored spots), 
while BiVO4 micrometric crystallites (1–7 µm), observable as poly
disperse purple-colored diffuse grains, remain beneath the outermost 
Ni/Nafion layer (please see Fig. S3 in the Supporting Information). On 
the contrary, in the mixed top layer structure (CWBN-M0.5), BiVO4 
crystallites emerge at the photoelectrode surface homogenously 
dispersed along a finer distribution of Ni particles (please see Fig. S4 in 
the Supporting Information).

For the analysis of the multi-layer stack structure, SEM analyses are 
also performed on the cross section of the photoelectrodes (Fig. 2b and 
Fig. 3b). The BSE images captured at 2.5 kX magnification reveal the 
layered structure developed during the multiple steps of the spray py
rolysis process, with a total thickness of approximately 15–30 µm. Each 
compound is observable as bright particles dispersed within the Nafion 
matrix (depicted as darker gray areas). Below, the FTO coating is 
appreciable as a bright, thin film that covers. Clearer evidence of the 
distribution of the components in each layer is obtained from the EDS 
mapping of the metal elements. FTO film (300 nm) is identified by the 
distribution of tin (pink colored). The absorber CaTiO3 (orange colored) 
coating consists of 0.5–1 µm crystallites and exhibits a thickness ranging 
from 3 to 6 µm. Over it a thinner coating (1–3 µm light blue) comprised 
of WO3 submicrometric crystallites (100–500 nm) is observed. At the 
top of the cross-section, a dispersion of Ni nanoparticles (green spots) 
and micrometric BiVO4 crystallites (purple areas), beneath the Ni for 

Fig. 1. PXRD patterns of prepared CWBN0.5 and CWBN-M0.5 photoanodes. 
For comparative purposes, the simulated patterns of the identified CaTiO3 (in 
orange), WO3 (in purple), BiVO4 (in blue), and Ni (in black) structures have 
been included.

Fig. 2. SE (up) and EDS mapping (down) SEM images for CWBN0.5 fresh photoanode: (a) photoelectrode surface at 1 kX magnification and (b) photoelectrode cross 
section at 2.5 kX magnification.
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CWBN0.5 (Fig. 2b-down) or all mixed together for CWBN-M0.5 (Fig. 3b- 
down), can be observed, with a thickness of approximately 15–20 µm.

UV-Vis-NIR DRS was performed on the back side of the photo
electrodes to analyze their optical properties prior to conducting light- 
driven experiments in a back-illumination configuration. Fig. 4 shows 
the absorption spectra after their transformation using the Kubelka- 
Munk (K-M) function. The spectra show the absorption edge for both 
prepared surfaces at ca. 350 nm, which fits rather well with the ab
sorption spectra for the pristine CaTiO3 presented for comparison (green 
dashed line). Since the CaTiO3 bottom layer provides a homogeneous 
coating as demonstrated in a previous work [28], the underlying layers 

in back-illumination configuration are fully covered and the optical 
properties of the photoelectrode are almost coincident with CaTiO3 
single component one. Only small differences with respect to pristine 
powder are observed. These distortions in the spectra are caused by the 
FTO film of the glass support, measured for a pristine substrate before 
layer deposition (grey dashed line). The bandgap calculation using the 
Tauc method for CaTiO3 powder is presented in the Supporting Infor
mation (Fig. S7 and Table S1). The absorption edge (3.55 eV) and the 
corresponding optical bandgap calculated for direct (3.63 eV) and in
direct (3.48 eV) transitions are in agreement with the values reported by 
other authors [38]. It should be noted, however, that the Kubelka–Munk 
transformation assumes optically homogeneous and infinitely thick 
scattering media, which may not be fully applicable to multilayer pho
toelectrodes. As such, the apparent absorbance may not capture subtle 
contributions from underlying layers (WO3 and BiVO4, with absorption 
edges at 439 and 501 nm, respectively [22]; even if these influence the 
overall photoresponse under illumination.

3.2. PEC characterization and performance

Fig. 5 presents the results of the PEC response for different photo
anode configurations, including CP (Figs. 5a, 5d), EIS (Figs. 5b, 5e), and 
LSV (Figs. 5c, 5f) measurements.

Fig. 5a shows that the multi-layered photoanodes minimize the 
required external potential compared to the bi-layered CB surface, 
which is crucial to improve the overall energy efficiency of the PEC 
system, demonstrating the potential of the prepared photoanodes for 
more efficient solar energy conversion. These findings also indicate that 
the multi-layered structure is more effective in reducing the energy loss 
during the PEC process, which can be linked to better light harvesting, 
charges separation, and electrons transfer to the cathode. A schematic 
representation of the proposed charge transport mechanisms in the 

Fig. 3. SE (up) and EDS mapping (down) SEM images for CWBN-M0.5 fresh photoanode: (a) photoelectrode surface at 1 kX magnification and (b) photoelectrode 
cross section at 2.5 kX magnification.

Fig. 4. UV-Vis-NIR absorption spectra derived from Kubelka-Munk function for 
prepared photoanodes in back-illumination configuration. CaTiO3 powder and 
FTO substrate spectra (dashed lines) are shown for comparison purposes.
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multilayer photoanodes is displayed in the Supporting Information
(Fig. S2). This diagram highlights the enhanced separation and transfer 
of electrons and holes resulting from both the bandgaps and the 
favourable positions of the conduction and valence bands CB and VB, 
respectively. Specifically, CaTiO₃ exhibits a CB edge at approximately 
− 0.94 V vs. NHE and a VB at +2.15 V vs. NHE [39]. These energy levels 
enable photogenerated electrons to migrate first toward WO₃ (CB ≈
+0.50 V) and subsequently to BiVO₄ (CB ≈ − 0.39 V), while the corre
sponding holes transfer to the VB levels of WO₃ (≈ +3.30 V) and BiVO₄ 
(≈ +2.04 V), where they effectively drive the oxygen evolution reaction 
[40,41].

Furthermore, Fig. 5b shows a smaller Nyquist plot radius for 
CWBN0.5 compared to the behaviour of CWB, suggesting an enhanced 
electron transfer process, which aligns with previous findings [28], and 
suggests that the illumination promotes a more efficient electron-hole 
separation. By contrast, the addition of an extra Ni layer (4 layers in 
total) results in increased resistance in comparison with the CB photo
anode (2 layers), as evidenced by the larger radius of the semicircle in 
the EIS results for CWBN0.5. This observation is consistent with SEM 
images (Fig. 2b), which show that the addition of Ni increases the film 
thickness and causes significant agglomeration of the particles, that can 
create charge transport barriers, thereby reducing the charge transfer 
efficiency and the overall photoanode performance as previously re
ported [42]. However, Ni incorporation may enhance the stability of the 
photoanodes, as Ni coatings can protect the underlying photoelectrode 
material from degradation, thus extending its operational lifetime under 
real electrolysis conditions [43]. Similarly, protective surface modifi
cations such as NiFeOx/Tb(OH)x have also been demonstrated to sta
bilize BiVO4 under prolonged operation [44].

LSV tests (Fig. 5c) confirm that the CWB and CWBN0.5 photoanodes 
exhibit similar PEC performance within the evaluated applied voltage, 
where the optimal potential window is located between − 1.3 and 
− 1.7 V vs. Ag/AgCl. In particular, for CWBN0.5, Fig. 5c shows that the 
photocurrent density increases upon illumination (green trace) 
compared to the dark conditions (orange dashed trace), thereby con
firming the beneficial effect of light on PEC performance.

Moreover, regarding the effect of the catalytic Ni loading on PEC 

performance under illumination (Fig. 5d), the CWBN1 photoanode ex
hibits a less stable response. This behavior may be attributed to catalyst 
saturation caused by particle agglomeration, which hinders mass 
transfer and limits accessibility to the active sites [43]. Therefore, 
moderate Ni loading may enhance catalyst activity by promoting its 
transformation into more active species, thereby reducing the photo
anode overpotential [45,46]. Moreover, literature shows that electron 
transfer is facilitated at lower charges because the layers are closer to the 
interface of the substrate [47]. EIS spectra displayed in Fig. 5e further 
support these observations, showing that CWBN1 photoelectrodes pre
sent a larger Nyquist-plot radius, which corresponds to a higher charge 
transfer resistance. Besides, lower Ni loadings (0.5 mg cm− 2) in the 
photoanode lead to higher current densities at the cathode under a wide 
potential window, as displayed in Fig. 5f.

Overall, this Ni catalyst loading is selected as the optimal in the 
present work (CWBN0.5), leading to a slightly less negative required 
cathodic voltage (–1.41 V vs. Ag/AgCl) compared to results achieved in 
the dark (–1.44 V vs. Ag/AgCl), resulting in a light-induced potential 
shift of 0.03 V, which is consistent with previous results [48].

Moreover, Fig. 6 displays the PEC characterization and performance 
results for the CWBN-M0.5 photoanode configuration, compared with 
the CWBN0.5 photoanode.

The CP results shown in Fig. 6a clearly reveal a lower external 
cathodic potential required for CWBN-M0.5 (–1.17 V vs. Ag/AgCl) 
compared to CWBN0.5 (–1.41 V vs. Ag/AgCl). This Ni-BiVO4 physical 
mixture in the top layer also leads to reduced charge recombination, as 
evidenced by the lower impedance and resistance results (Fig. 6b). The 
fitted parameters are presented in the Supporting Information
(Table S4), and the equivalent circuit used to provide further insight into 
the interfacial charge transfer is shown in Fig. S8. The obtained charge 
transfer resistance (Rct) of 15.1 Ω indicates enhanced charge transfer, 
exhibiting slightly lower resistance values than those typically reported 
for WO₃/BiVO₄-based photoanodes under similar PEC water splitting 
conditions [49,50]. The LSV tests presented in Fig. 6c further corrobo
rate these findings, demonstrating a notable improvement in PEC per
formance, and suggesting that combining BiVO4 and Ni into a single top 
layer may enhance both light harvesting and catalytic performance.
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Trotochaud et al. [47] studied Ni-Fe oxyhydroxide-based photo
anodes and highlighted the role of the composition and layer thickness 
on catalytic activity, where a reduction in interfacial thickness may 
enhance accessibility to the active sites, promote a better interaction 
between the two components, and thus facilitate more efficient charge 
transfer. This trend is also in agreement with the SEM/EDS images 
shown above (Fig. 2 and Fig. 3.), which reveal a small decrease in the 
thickness of the top layer in the CWBN-M0.5 photoanodes, suggesting a 
closer contact between BiVO4 and Ni. Such an interface promotes effi
cient hole transfer from BiVO4 to Ni, favours the formation of surface 
hydroxyl species, and facilitates the activation of Ni into catalytically 
active Ni³ ⁺/Ni⁴⁺ states, ultimately improving OER performance [51,52]. 
Besides this, Chen et al. [32] demonstrated that the incorporation of Ni 
into the BiVO4 lattice leads to a reduction in particle size and promotes 
the formation of V4+ species and oxygen vacancies. These modifications 
facilitate faster charge carrier transport by minimizing the distance be
tween generation and reaction sites, thereby enhancing optical absorp
tion and overall PEC performance. This may explain the reduced Nyquist 
plot radius for CWBN-M0.5 compared to CWBN0.5, which is directly 
associated with enhanced charge transfer efficiency. Moreover, the 
SEM/EDS results presented above reveal BiVO4 crystallites homoge
nously dispersed, together with a finer and uniform distribution of Ni 
particles in the CWBN-M0.5 photoanode. These observations, consistent 
with literature reports, suggest that the physical mixing of Ni with other 
elements can promote the formation of hybrid materials with enhanced 
PEC performance toward the OER [47]. Additionally, Fig. 6d shows that 
CWBN-M0.5 exhibits a higher attainable current density at the same 
potential level with a lower oxidation potential (1.8 VRHE) compared to 
the independent layer-by-layer CWBN0.5 photoelectrode (2 VRHE). This 
indicates a lower kinetic barrier which can improve overall PEC per
formance. In this regard, the CWBN-M0.5 photoanode reaches a maxi
mized ABPE value of 0.52 % at 0.65 V vs. RHE, higher than that for the 
CWBN0.5 photoanode (0.45 %) as shown in Fig. 6e. Additional perfor
mance results of the HER (FE and CEE) can be seen in the Supporting 
Information (please see Table S2).

Fig. 6f depicts the O2 evolution results for the studied photoanodes. 
The layer-by-layer CWBN0.5 photoelectrode exhibits significantly 
higher O₂ production, suggesting more effective OER catalysis due to a 

greater number of Ni active sites. Nevertheless, CWBN-M0.5 remains the 
most efficient photoanode configuration, given its markedly reduced 
external energy demand at practically relevant current densities. Similar 
to the findings reported by Gong et al. [53,54] and Zhu et al. [53,54], 
where an ultra-thin Ni film was employed as a protective and catalytic 
layer in silicon-based photoanodes, the controlled and homogeneous 
deposition of Ni can enhance the accessibility of active sites and improve 
charge transfer at the photoanode surface, ultimately boosting the effi
ciency of the OER process. In their work, a 2 nm Ni film contributed 
significantly to enhancing the photoanode performance by facilitating 
more efficient OER pathways, resulting in higher O2 evolution compared 
to Ni-free configurations [55]. In our case, the incorporation of Ni into 
the BiVO4 structure (Ni-BiVO4) likely promotes similar effects, as the Ni 
sites may act as active centers for water oxidation while also improving 
the interfacial conductivity and suppressing charge recombination. 
Interestingly, despite the differences in O2 production observed among 
the different photoanode configurations, the H2 generation rate at the 
cathode remains relatively stable (23–24 µmol cm− 2 h− 1), which is 
consistent with the constant current density applied during the 
measurements.

Fig. 7 presents the PXRD patterns of the photoanodes before and 
after PEC testing, revealing no significant shifts or degradation in the 
crystalline phases. The reflections corresponding to all constituent 
compounds remain unchanged, confirming the chemical and structural 
stability of the photoactive catalytic surfaces throughout PEC operation. 
Thus, the absence of phase changes in the PXRD patterns demonstrates 
exceptional stability of the prepared photoanodes, even after extended 
OER operation, which represents a crucial requirement for scalable PEC 
systems.

Complementary evidence of the CWBN-M0.5 and CWBN0.5 stability 
is provided with SEM-EDS analyses (Fig. 8 and Fig. S5-S6), which reveal 
no discernible morphological degradation or major compositional 
changes after PEC operation during the light-driven OER. The pre- and 
post-test SEM images exhibit consistent surface morphology, where the 
outermost surface remains comprised by a dispersion of Ni nanoparticles 
and BiVO4 crystallites, despite slight material leaching being appre
ciable compared to the fresh photoelectrodes. Critically, no signs of se
vere corrosion, particle agglomeration, or delamination are observed. 
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EDS elemental mapping further corroborates this structural resilience, 
confirming the retention of the original composition. These findings 
align with the PXRD results (Fig. 7), collectively demonstrating that the 
photoanodes maintain both structural and chemical integrity after 
operation under relevant current densities, thereby helping to prevent 
the efficiency degradation typically observed in photoelectrode systems 
over time. This robustness is particularly noteworthy for solar-driven 
applications, where consistent performance under continuous light 
exposure is essential.

In addition to the characterization analyses, the stability of the PEC 
system has been evaluated at longer operational times using the opti
mized photoanode. Fig. 9 shows the evolution of the required cathodic 
potential at − 100 mA cm-² when using CWBN-M0.5 during 8 h of 
continuous operation under visible light.

Throughout the entire experiment, the system maintained an almost 
constant required potential, demonstrating pseudo-stable PEC perfor
mance under prolonged high-current conditions. This behaviour is 
particularly relevant for approaching real PEC scenarios and for future 
integration of these photoanodes in CO₂ electroreduction systems, 
where long-term operation at high current densities is essential for 

practical applications.
Finally, a comparative overview of the PEC performance metrics 

reported for WO3/BiVO4-based photoanodes employed in solar water 
splitting applications (with standard Pt cathodes) is carried out. It 
should be noted that, while the cathode material remains consistent 
across studies, direct comparison of photoanode performance (e.g., 
photocurrent density, ABPE, O2 evolution rate, etc.) is inherently com
plex due to substantial variations in deposition methods, material 
composition, photoelectrode architecture, photoreactor design, elec
trolyte nature, and operation conditions, which hinder straightforward 
assessment of PEC performance. Although the O₂ evolution rates ob
tained with CWBN-M0.5 and CWBN0.5 are lower than those reported in 
the literature (please see Table S3 in the Supporting Information), it is 
important to note that most comparative studies are conducted under 
low fixed anodic potentials. In contrast, the photoanode configuration 
developed in this work operates at high and constant cathodic current 
densities. This setup provides a more realistic scenario for practical PEC 
systems and facilitates future integration with CO₂ reduction processes 
[53]. Importantly, operating under fixed current conditions at the 
cathode may result in partial energy diversion from the OER, potentially 
contributing to the lower O₂ evolution rates observed. Zhang et al. [12]
have noted that high current densities can adversely affect the electro
catalyst activity and stability due to factors such as phase transitions, 

Fig. 7. PXRD patterns of CBWN0.5 and CWBN-M0.5 photoanodes before 
(fresh) and after (used) the PEC reaction.

Fig. 8. SEM (up) and EDS mapping (down) images at 1 kX magnifications for (a) CWBN0.5 and (b) CWBN-M0.5 photoanode surfaces after the PEC reaction.
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bubble dynamics, and limited mechanistic understanding at the elec
trochemical interface under such conditions. Despite these challenges, 
the photoelectrode architectures investigated in this study exhibit 
remarkable structural stability under relevant current densities, with no 
observable degradation or phase change after prolonged use, thus pre
venting the typical degradation of photoelectrodes over time at high 
current densities. This robustness under demanding conditions un
derscores their potential for implementation in integrated PEC systems, 
where operational stability represents a critical factor.

These results demonstrate their potential for integration into PEC 
systems for solar-driven CO₂ conversion or water splitting, which could 
significantly reduce external energy input requirements. Altogether, 
these findings advance the development of efficient and durable PEC 
pathways for sustainable energy applications.

4. Conclusions

This study demonstrates the potential of multi-layered Ni-decorated 
CaTiO₃/WO₃/BiVO₄ photoanodes for efficient solar-driven water 
oxidation in photoelectrochemical systems. By integrating photoactive 
materials with optimized architecture and surface decoration, the pro
posed photoanodes enable stable operation at technologically relevant 
current densities while minimizing the external energy input required.

Comparing the performance of layer-by-layer photoanodes with 
different Ni contents, excessive Ni loading (1 mg cm⁻²) led to decreased 
performance, likely due to increased charge transfer resistance and 
light-blocking effects associated with greater photoanode thickness. By 
contrast, a Ni loading of 0.5 mg cm⁻² provided a balanced enhancement 
of catalytic activity and light harvesting, highlighting the importance of 
precise interfacial engineering in multi-layer photoanodes design.

Among the tested configurations, the CWBN-M0.5 photoanode, 
consisting of a mixed Ni-BiVO₄ top layer, exhibited the best perfor
mance, achieving a cathodic voltage of − 1.17 V vs. Ag/AgCl at 
− 100 mA cm⁻² with visible-light illumination. This clearly out
performed the traditional layer-by-layer structure, representing a 
20.5 % reduction in the required voltage (-1.41 V vs. Ag/AgCl), thereby 
enhancing the energy efficiency of the process. This resulted in a 
maximized applied bias photon-to-current efficiency (ABPE) of 0.52 %, 
with an O2 production rate of 2 μmol cm− 2 h− 1.

Overall, these findings underscore the significant potential of ratio
nally engineered multi-layered photoelectrodes for efficient PEC appli
cations. The demonstrated performance at high current densities 
supports the feasibility of such architectures in scalable solar fuel 
technologies and sets also the framework for future integration with 
photo-assisted CO₂ reduction systems.

Moreover, the photoanodes demonstrated structural and electro
chemical stability under prolonged operation at relevant current den
sities, reinforcing their potential applicability in durable PEC systems.
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