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Abstract

This study investigates the fabrication of BiVO,4 photoanodes using a controlled-intensity current electrodeposition method to
improve their photoelectrochemical (PEC) performance. The impact of varying the deposition current density and VO(acac), con-
centration was systematically analyzed to optimize the crystallinity, surface morphology, and electronic properties of the films.
Subsequently, an electrochemical deposition method was developed to facilitate the uniform distribution of V,05 among Bi—O-I
flakes to homogeneously enhance the conversion reaction. The XRD pattern confirms the monoclinic scheelite BiVOy, structure
with dominant (121) and (004) peaks. FESEM imaging revealed that the different deposition conditions influenced the surface mor-
phologies of the BiOI and BiVOQy films. Photocurrent density measurements showed that BiVO4(326) achieved 1.2 mA-cm™2 at
1.23 V vs RHE, representing a significant enhancement compared to the other samples. The surface hole injection efficiency was
measured to be 47%, whereas the incident photon-to-current efficiency reached a peak of 18.1% at 420 nm. The applied bias
photon-to-current efficiency of BiVO4(326) was also superior to that of the samples fabricated with lower current density, high-
lighting the benefits of the optimized electrodeposition conditions for the former.

Introduction
In the context of the increasing global energy demand, the de- electrochemical (PEC) water-splitting systems hold significant
velopment of renewable and sustainable energy sources has promises for converting abundant solar energy into chemical

become a top priority in science and technology [1,2]. Photo-  fuels, such as hydrogen [3,4]. However, their widespread appli-
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cation is still limited by material challenges, including insuffi-
cient light absorption, high electron-hole recombination rates,
and poor stability under operating conditions [5,6]. Among
various semiconductor materials, bismuth vanadate (BiVOy)
has attracted considerable interest due to its strong visible light
absorption, moderate bandgap (2.4 eV), high theoretical
photocurrent density (=7.5 mA-cm™2), and chemical stability in
aqueous environments [7-9]. Nevertheless, BiVOy4 suffers from
intrinsic drawbacks such as low charge carrier mobility, limited
conductivity, and rapid recombination of photogenerated charge
carriers, which severely restrict its PEC performance [10-12].

Various strategies have been explored to overcome these chal-
lenges and optimize the structural, electronic, and surface prop-
erties of BiVO, [13,14]. Hydrothermal synthesis has been used
to produce highly crystalline BiVOy4 films with large surface
areas; for instance, Yun He et al. [15] reported flower-like
BiVO,4 photoanodes achieving a photocurrent density of
0.81 mA-cm~2 at 1.23 V vs RHE. However, the hydrothermal
method often requires high temperatures and prolonged reac-
tion times, and offers limited control over film thickness. Alter-
natively, Liu et al. [16] employed RF sputtering with a single
BiVO, target, but the volatility of Bi in a vacuum environment
often led to an imbalanced Bi/V ratio, requiring precise regula-
tion of oxygen partial pressure. Gong et al. [17] utilized DC
co-sputtering of Bi and V targets to produce BiVOy thin films at
high deposition rates; however, this method resulted in irregu-
lar grain structures and significant material defects, limiting the
PEC performance improvements. Electrodeposition has
emerged as a promising low-cost and scalable technique for
BiVOy film fabrication, offering better control over film mor-
phology and crystallinity under mild conditions. Kim et al. [18]
reported that BiVOy films fabricated via electrodeposition
achieved a maximum photocurrent density of 1.4 mA-cm™2 at
1.23 V vs RHE. These films exhibited a three-dimensional
nanoporous structure that facilitated charge carrier transport;
however, their uneven porosity and high charge recombination
rates hindered their PEC performance improvement. McDonald
and Choi [19] introduced a facile electrodeposition method
based on p-benzoquinone reduction to fabricate ultrathin BiOl
films, which could be thermally converted into porous BiVOy,
photoanodes. This approach yielded electrodes with enhanced
PEC activity, achieving a photocurrent density of approxi-
mately 1.25 mA-cm™2 at 0.5 V vs RHE in neutral phosphate
buffer under AM1.5G illumination. This study highlighted the
potential of BiOI-derived BiVOy as a template-guided route for
improving water oxidation performance. However, the use of a
constant-potential deposition technique presents limitations in
controlling the film thickness, morphology, and uniformity,
which are crucial for consistent BiVO4 performance after

conversion. Variability in the BiOI film quality remains a sig-
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nificant challenge, affecting the reproducibility and optimiza-

tion of the final photoanodes.

Building on these limitations, in this study, we introduce a
novel controlled-intensity current electrodeposition method to
precisely tailor the deposition conditions of BiOI and subse-
quently optimize its conversion to BiVO,. By systematically
adjusting the deposition current density and vanadium precur-
sor concentration, we achieved fine control over the crys-
tallinity, grain size, porosity, and optical properties of the result-
ing films. This level of tunability leads to substantial improve-
ments in PEC performance. Our method offers a higher degree
of control over both the intermediate BiOI layer and the final
BiVOy structure, thereby enabling enhanced charge separation
and surface reaction kinetics. Furthermore, this approach
provides a deeper understanding of the relationship between the
synthesis parameters and PEC activity, while presenting a scal-
able and reproducible route for fabricating high-performance
BiVOy4 photoanodes.

Experimental

Material

Bismuth nitrate pentahydrate (Bi(NO3)3-5H;0, 99.9%, Sigma-
Aldrich) and vanadyl acetylacetonate (VO(acac);, 98%, Sigma-
Aldrich) were used as Bi and V sources, respectively. Potas-
sium iodide (KI, 99.5%, Sigma-Aldrich) was used for the initial
deposition of BiOI. p-Benzoquinone (CgH40,, 98%, Sigma-
Aldrich) was used as a redox mediator in the electrodeposition
process. Nitric acid (HNOs, 65%, Merck) and sodium hydrox-
ide (NaOH, 99%, Sigma-Aldrich) were used to adjust the pH
during deposition. Ethanol (CoHsOH, 99.9%, Merck) and de-
ionized (DI) water were used for cleaning and dilution, respec-
tively. Fluorine-doped tin oxide (FTO) glass substrates
(7 Q-sq”L, Pilkington) served as the conductive support for elec-
trodeposition.

Fabrication of BiVO4 photoanodes

The BiVOy, film was deposited using electrochemical deposi-
tion. A solution of 0.2962 g Bi(NOj3)3 dissolved in 50 mL
distilled water was ultrasonicated for 30 min. Subsequently,
400 mM KI and 5% HNO3 were added to adjust the pH to 2.
Additionally, 50 mM p-benzoquinone (0.2 g) was dissolved in
10 mL of ethanol via ultrasonication for 30 min and added to
the solution. The FTO glass substrates were cleaned with
ethanol and distilled water via sequential ultrasonication. The
BiOl film was electrochemically deposited onto the FTO sub-
strate at various current deposition intensities (14, 22, and
32 mA) using a reference electrode saturated with Ag/AgCl and
platinum foil at various potentials vs Ag/AgCl. This process
was adapted from the p-benzoquinone-based method reported

by McDonald and Choi [19], in which benzoquinone serves as a
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redox mediator for BiOI formation. However, unlike the orig-
inal study, which applied constant potential conditions, our
method employs a variable current-controlled deposition
strategy. This approach enables the fine-tuning of the nucle-
ation and growth behavior of BiOI flakes, resulting in en-
hanced control over the thickness, grain structure, and unifor-
mity, which are key factors that influence the subsequent
BiVOy4 conversion and PEC performance. Then, a 0.2 M
VO(acac), solution in ethanol was coated onto the BiOl film via
spin coating with two different volumes of solution (0.4 pL and
0.6 pL). The BiOlI film (1 cm x 1 cm) with the VO(acac), layer
was annealed at 450 °C for 2 h. Finally, the BiVOy, electrode
was rinsed with 1 M NaOH to remove excess V,05 from the
surface, followed by rinsing with distilled water and drying at
room temperature. The photoanode BiVO,4 was named
BiVOy(xy), where x indicates the current intensity for BiOI
deposition, and y denotes the vanadium precursor volume
(x =14, 22, 32; y = 4, 6).

Note on BiVO4(144) sample exclusion

The BiVOy4(144) sample was excluded from the detailed photo-
electrochemical (PEC) and comparative analyses because of its
poor film uniformity and significantly lower performance
metrics. Preliminary characterizations showed that the film
exhibited inhomogeneous coverage and an inconsistent PEC
response, which could lead to misleading interpretations when
comparing the material trends. Therefore, these samples were
not included in subsequent analyses to maintain the clarity and
consistency of the dataset.

Characteristics of materials

X-ray diffraction (XRD, Bruker D8 Advance) and Raman spec-
troscopy (LabRAM Odyssey Semiconductor) were used to
analyze the crystal structures of photoanodes. UV-vis absorp-
tion spectra were obtained using a Cary 60 spectrophotometer.
X-ray photoelectron spectroscopy (XPS, VG ESCALAB250)
was employed to determine the chemical states of each
photoanode. All photoanode morphologies were examined
using field-emission transmission electron microscopy
(FESEM, Hitachi SU8010).

Photoelectrochemical measurements

PEC experiments were performed in a conventional three-elec-
trode cell using an electrochemical workstation (CHI650E, CH
Instruments, USA). The three electrodes included a working
electrode (BiVO, photoelectrode, 1.0 x 1.0 cm?), counter elec-
trode (Pt plate), and reference electrode (Ag/AgCl). The elec-
trolyte used in the photoelectrochemical measurements was
0.50 M Na,SOy4 (pH 5.6), and the xenon lamp was 300 W (PLS-
SXE 300C, 100 mW-cm™2) equipped with an AM1.5G filter to

simulate solar light conditions. Linear sweep voltammetry

Beilstein J. Nanotechnol. 2025, 16, 1289-1301.

(LSV) measurements were performed by scanning the potential
from —0.6 to 1.2 V (vs Ag/AgCl), at a scan rate of 0.05 V-s~1.
In the LSV test, the light source illuminated the sample from the
back of the FTO glass. Under AM1.5G illumination, electro-
chemical impedance spectroscopy (EIS) measurements were
performed at an open-circuit voltage, covering a frequency
spectrum from 1 Hz to 10 kHz. Mott—Schottky curves were re-
corded at a frequency of 1 kHz in a dark light.

Applied bias photo to current efficiency
The applied bias photon-to-current efficiencies (ABPEs) of the
different photoanodes were determined using [20]:

Jox (Bl ~
ABPE(%) =100x— ( = app), (1)

o

where J}, is the photocurrent density (mA-cm~2) obtained from

the LSV curve, [, is the incident light intensity of the solar
[

simulator (100 mW-cm™2), and Erev' is the standard reversible

potential for the water-splitting reaction (1.23 V).

Incident photon-to-current conversion
efficiency

From the excitation at wavelengths of 300-900 nm at 0.5 V, the
incident photon-to-current conversion efficiency (IPCE) was
evaluated using a chopped monochromator with a 150 W Xe
lamp as the simulated light source (developed by HS Technolo-
gies, Korea).

J %1240

IPCE(%) = .
igl

x100%, )

where Pjigp¢ is the power density of monochromatic light
acquired at a given wavelength, and J is the photocurrent densi-
ty (mA-cm™2) under illumination at a wavelength (mW-cm™2).

Results and Discussion
Structural analysis (XRD)

X-ray diffraction (XRD) measurements were conducted to in-
vestigate the crystal structures of the BiVO, photoanodes under
various deposition conditions (BiVO4(146), BiV0y4(224),
BiV04(226), BiV0O4(324), and BiVO4(326)), as shown
Figure 1. The diffraction peaks of all photoanodes matched
those of monoclinic BiVO4 (JCPDS PDF #14-0688) and fluo-
rine-doped tin oxide (FTO) substrate (JCPDS PDF #46-1088)
[21-23]. The peaks at approximately 28.9°, 30.6°, 34.6°, and
35.2° were assigned to the (110), (121), (040), (200), and (002)
planes of monoclinic BiVOy, respectively. Notably, the (121)

plane exhibited the highest intensity across all samples, which
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Figure 1: (a) XRD patterns of BiVO4(146), BiVO4(224), BiVO4(226), BiVO4(324), and BiVO4(326) photoanodes.

aligns with its high refractive index and superior photocatalytic
properties owing to the enhanced adsorption and deionization of
water molecules in the structure. Additionally, the (040) peak
intensity exhibited a systematic increase at higher electrodeposi-
tion current densities, suggesting preferential growth along the
crystallographic direction. Higher deposition currents influence
ion migration rates and nucleation kinetics, potentially leading
to a preferential orientation along the (040) plane. The intensity
and sharpness of the peaks increased with increasing current
density and VO(acac), concentration, indicating improved crys-
tallinity and potentially larger grain sizes of the films. This vari-
ation in crystallographic properties is expected to influence PEC
performance by affecting charge transport and surface reaction
kinetics. The average crystallite size (grain size) of the BiVOy,
films was estimated using the Scherrer equation based on the
full width at half maximum (FWHM) of the (121) diffraction
peak.

The Scherrer equation to calculate average crystallite size (grain
size) [24,25] is

kA

- BcosO’ ®

where A is the X-ray wavelength, 6 is the Bragg angle in
radians, B is the full width at half maximum of the peak in
radians, D is the particle size, and k is a constant with a value of
0.9.

As shown in Table 1, an increase in the deposition current
and VO(acac);, concentration led to narrower peak widths
and larger crystallite sizes, indicating an improved crys-
talline quality. BiVOy4(326) exhibited the largest average

crystallite size (=40 nm), consistent with the enhanced PEC per-

Table 1: Estimated crystallite sizes of BiVO4 photoanodes (from the Scherrer equation).

Sample 26— (121) Peak FWHM (B) (°)
BiVO4(146) 28.76 0.32
BiVO4(224) 28.82 0.29
BiVO4(226) 28.88 0.26
BiVO, (324) 28.94 0.23
BiVO4(326) 28.99 0.20

Crystallite size D Estimated particle ~ Notes

(nm) size (FESEM) (nm)

25.1 =400-500 large, irregular
particles

27.6 =300—400 rougher morphology

30.8 =250-350 more uniform
particles

34.9 =300-450 larger, loosely
packed

40.1 =200-300 densely packed,
porous
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formance and reduced lattice strain observed in the Raman anal-

ysis.

Morphological characterization (FESEM)

Field-emission scanning electron microscopy (FESEM) images
highlighted the evolution of the surface morphology under dif-
ferent fabrication conditions. The transition from two-dimen-
sional plate-like BiOlI crystals to three-dimensional BiVOy par-
ticles was accompanied by the formation of submicrometer-
scale voids, indicative of grain growth and recrystallization
during the annealing process (Figure 2a,c,e). At lower current
densities (e.g., BiVO4(146)), the BiVOy films exhibited larger
and more irregular particles with relatively low surface cover-
age (Figure 2b). In contrast, higher current densities (e.g.,
BiV04(324) and BiV0O4(326)) resulted in more uniform and
closely packed particles, along with visible submicrometer-
scale voids (Figure 2f,g). This morphology maximizes the
active surface area available for photoelectrochemical reactions.
Additionally, the observed submicrometer voids, which were
more prominent in films deposited with larger VO(acac),
volumes, suggested improved charge separation and transport
pathways. These voids facilitate the diffusion of the reactants
and products, reducing the recombination rates and enhancing
the water-splitting efficiency. The finer particle sizes and in-
creased porosity, as observed for BiVO4(326), align with the
optical and Raman results, highlighting the impact of the opti-
mized deposition parameters on PEC performance. The FESEM
images also revealed that the films prepared at higher current
densities exhibited well-defined grain boundaries, which corre-
lated with the reduced lattice strain observed in the Raman
spectra. These structural features are critical for improving the

electronic and catalytic properties of BiVO4 photoanodes.

To complement the XRD-derived crystallite sizes, the particle
sizes were estimated from the FESEM images. As shown in
Table 1, the particle size trends do not perfectly follow the crys-
tallite size evolution. For instance, BiVO4(326) exhibits the
largest crystallite size (=40 nm) but has smaller surface particle
aggregates (200-300 nm) than BiVOy4(324). This mismatch
arises because the particles observed via SEM are often
composed of multiple crystalline grains. This distinction sug-
gests that while the crystallite size governs the internal crys-
talline quality and carrier mobility, the particle size affects the
surface area and interface kinetics. Ideally, a material such as
BiVO4(326) with both large crystallites and small, porous parti-
cles offers superior PEC performance owing to improved
charge transport and enhanced surface reaction sites.

Optical properties (UV—vis)
UV-vis absorption spectroscopy (Figure 3) showed that BiVOy,

samples absorb visible light, with absorption edges between 502
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and 541 nm and optical bandgaps between 2.46 and 2.30 eV
(Figure 3b). Bandgap values were determined using Tauc plots
for indirect allowed transitions, based on (ahv)? o (hv — E,),
where o is the absorption coefficient, / is Planck’s constant, v is
the frequency, and E, is the bandgap energy. The (0hv)? values
plotted against the photon energy determined Ej; at the absorp-
tion edge intersection, as shown Figure 3b. Samples prepared
with higher electrodeposition currents and larger VO(acac),
amounts exhibited redshifted absorption edges, indicating en-
hanced light harvesting due to improved crystallinity and
reduced disorder. XRD and Raman spectroscopy confirmed
these improvements through stronger peaks, suggesting fewer
defects. The decrease in the bandgap (=0.16 eV) is consistent
with research linking oxygen vacancies to band tailing in
BiVOy films [26]. Besides, Figure 3a shows that the
BiV04(326) and BiVO4(324) samples have absorption that goes
beyond 520 nm, with some absorption still measurable up to
about 650 nm. This sub-bandgap absorption occurs because of
the creation of mid-gap states, mainly caused by missing
oxygen atoms and structural issues that arise during high-cur-
rent electrodeposition or when using higher amounts of the
VO(acac), precursor. The redshifted tails indicate that there are
special energy states in the material that allow it to absorb light
even at energies lower than those normally expected. The
BiV04(326) sample, in particular, exhibited the most pro-
nounced tailing, consistent with its enhanced photoelectrochem-
ical performance. The evidence suggests an optimal concentra-
tion of oxygen vacancies that broadens light absorption while
avoiding excessive recombination of the charge carriers. In
contrast, BiVO4(146) has a clear absorption edge and very little
tailing, indicating that it has fewer defects but does not absorb
light well beyond 520 nm. These findings match other studies
that connect oxygen vacancies to the spread of light absorption

and smaller optical bandgaps in BiVOy4 [26].

Vibrational properties (Raman)

The Raman spectra (Figure 4) corroborated the XRD findings,
displaying characteristic peaks of monoclinic BiVOy at 219,
329, 370, 712, and 830 cm™! [27]. These bands correspond to
the vibrational modes associated with the VO, tetrahedral
structure, which directly affects the electronic properties of the
material [28]. The band at 830 cm_l, assigned to the symmetric
stretching of the V-0 bond [29], appears in samples prepared at
higher current densities and larger VO(acac), volumes. This ob-
servation suggests that improved crystallinity enhances the
structural uniformity of the VO, tetrahedra, leading to more
efficient charge-transfer pathways. Furthermore, the appear-
ance of sharper and more intense Raman peaks with increasing
deposition parameters indicates a reduction in the structural
defects and lattice strain. The vibrational modes at 329 cm™!

and 370 cm™!, corresponding to the asymmetric and symmetric

1293



Beilstein J. Nanotechnol. 2025, 16, 1289—1301.

/ 5.6mm x30.0k SE(M)

Figure 2: FESEM images of (a), (c), and (e) BiOl film under various intensities of current deposition, and (b) BiVO4(146), (d) BiVO4(226),
(f) BiVO4(326), and (g) BiVO4(324) films.
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Figure 3: (a) UV-vis spectrum, (b) bandgap energies of BiVO4(146), BiVO4(224), BiVO4(226), BiVO4(324), and BiVO4(326) photoanodes. Minor fluc-

tuations above 500 nm are due to light scattering from porous films.

deformations of the V-O bond [30,31], respectively, showed a
strong correlation with XRD-derived grain size variations.
Larger grains typically result in fewer grain boundaries,
reducing phonon scattering and enhancing vibrational coher-
ence. Raman spectra also provide insights into the influence of
fabrication conditions on surface chemistry. The relative inten-
sities of the peaks suggest that higher deposition currents
promote the formation of active crystal facets, which are criti-
cal for PEC performance. These results align with the enhanced
photoelectrochemical activity observed for BiVO4(326), as the
improved vibrational characteristics reflect more efficient light
absorption and charge separation.
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Figure 4: Raman spectrum of BiVO4(146), BiVO4(224), BiVO4(226),
BiVO4(324), and BiVO,4(326) photoanodes.

Photoelectrochemical performance

Linear sweep voltammetry (LSV) was used to evaluate the
water-splitting efficiency of the photoelectrochemical (PEC)
system in a 0.50 M Na,SO, solution (pH 5.6) under AM1.5G
illumination (100 mW-cm™2). The optimal PEC performance
was achieved for the BiVO4(326) sample, synthesized using a
current intensity of 32 mA and VO(acac), precursor volume of
0.6 uL. As shown in Figure 5a, this sample exhibited the
highest photocurrent density of 1.2 mA-cm™2 at 1.23 V vs RHE,
indicating efficient photoelectrochemical activity. This superior
performance can be attributed to the combined effects of en-
hanced crystallinity, film morphology, and preferential crystal
orientation. As shown in the XRD patterns (Figure 1),
BiV04(326) displays the most intense (121) and (040) diffrac-
tion peaks among all the samples, suggesting preferred growth
along these planes, which are known to facilitate efficient
charge separation and transport. Previous studies have reported
that the (121), (040), and (010) facets of monoclinic BiVOy4
contribute to enhanced photocatalytic activity by serving as
active sites for oxidation and reduction reactions [32,33]. In
particular, the large surface area of the (010) facet is associated
with the effective suppression of charge recombination. Al-
though other samples also exhibited these orientations, the rela-
tively higher (121)/(040) intensity ratio and sharper peaks for
BiV04(326) indicate improved structural ordering, which,
together with its more porous and interconnected morphology
(Figure 2), likely promotes better carrier mobility and PEC effi-
ciency.

The ABPE curves (Figure 5b) demonstrate that BiVO4(326)
achieved the highest efficiency of 0.4% at 0.8 V vs RHE, com-

pared to the lower efficiencies of the other samples. This
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Figure 5: (a) LSV curves, (b) ABPE curves, (c) hole injection efficiency (Nsurface) curves, and (d) EIS plots for each photoanode.

improvement is attributed to the synergistic effects of enhanced
light absorption, reduced charge recombination, and increased
charge transport efficiency, which are facilitated by the opti-

mized fabrication parameters.

To investigate the influence of different chemical components
on charge separation within the BiVOy4 bulk and surface charge
transfer, LSV experiments were conducted in a 0.50 M Na;SOy4
(pH 5.6) solution with 1 M Na;SOj3 as a hole scavenger
(Figure 5¢). The hole injection efficiency was calculated as the
ratio of the photocurrent density values obtained with and with-
out the Na,SOj3 hole scavenger. The hole injection efficiency of
the BiVO,4(326) photoanode at 1.23 V vs RHE was 47%, which
was higher than that under other conditions. This indicates that
the formation of films with larger surface areas reduces the
charge recombination rate and facilitates faster charge transfer

rates.

AC impedance measurements were performed on the photoan-
odes to assess their charge transfer capabilities. As shown in
Figure 5d, BiVO4(326) exhibited a smaller impedance arc under
illumination, indicating a minimal charge-transfer resistance.
This is favorable for the rapid utilization of photogenerated
holes in water oxidation reactions. Overall, these results demon-
strate that the optimized BiVO4(326) configuration provides
improved photocatalytic activity by enhancing charge transport,
reducing recombination, and maximizing the active surface area
for efficient PEC water splitting.

The LSV results revealed that the photoanodes fabricated at
higher current densities and larger VO(acac), volumes (e.g.,
BiV04(326)) exhibited the highest photocurrent density at
1.23 V vs RHE, reaching 1.2 mA-cm™2. This is nearly 4.9 times
higher than that of BiVOy4(146). The enhanced photocurrent

density correlated with the increased crystallinity, optimized
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grain size, and improved surface area observed in the XRD,
Raman, and FESEM analyses, which collectively improved
charge separation and transport. The chopped illumination data
(Figure 6a) confirmed stable photoresponses with minimal
decay over time, indicating the high photostability of the opti-
mized photoanodes.

The IPCE measurements (Figure 6b) over the wavelength range
of 300-500 nm showed that BiVO,4(326) exhibited a peak IPCE
value of 18.1%, which was significantly higher than the 8.9% of
BiVO4(146). This increase is consistent with the improved
optical absorption and structural properties, as well as the
reduced electron—hole recombination rates observed in the
Raman and UV-vis analyses.

The long-term photoelectrochemical stability of the optimized
BiV0,4(326) photoanode was evaluated using chronoamperom-
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etry under continuous AM1.5G illumination at 1.23 V vs RHE
in 0.50 M Na,SOy electrolyte (Figure 6¢). The photocurrent
density initially peaked at approximately 1.6 mA-cm™2 and
stabilized quickly at ~1.2 mA-cm~2, maintaining this value
consistently for 600 min (10 h) of operation. This stable behav-
ior demonstrates the excellent PEC durability of the
BiV04(326) photoanode and confirms the robustness of its
structural and surface properties under prolonged operational
conditions. The stability is attributed to the optimized
crystallinity, reduced recombination, and uniform morphol-
ogy achieved through controlled-intensity current electrodeposi-
tion.

The PEC performance of BiVO4(326) was benchmarked against
similar studies employing hydrothermal synthesis, direct elec-
trodeposition, and BiOI-derived conversion methods. As sum-
marized in Table 2, our sample achieved a photocurrent density

16 20
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< H#1—Bivo,29)
g ., |—Bsivo,226)
o l2 4 15 - -
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Figure 6: (a) LSV curves under chopped illumination, (b) IPCE curves for each photoanode, and (c) chronoamperometry curve of BiVO4(326)
measured at 1.23 V vs RHE under continuous AM1.5G illumination in 0.50 M NaxSO4 for 600 min.
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Table 2: Summary of recent single-layer BiVO,4 photoanodes and their PEC performance.

Study Method Photocurrent Stability (duration) Notes Ref
density (mA/cm?)

McDonald and BiOl-derived BiVO4 (simple ~1.25@0.5V not reported BiOl precursor, no [19]
Choi, (2012) electrodeposition) stability test
Kim et al. (2014) electrodeposition of BiVO, ~14@123V not reported nanoporous BiVO, [18]
Yun He et al. hydrothermal BiVO4 ~0.81 @1.23V few minutes flower-like BiVOy, high  [15]
(2017) recombination
Mohamed et al. electrodeposition (needle-like =0.32 not reported petal-like morphology, [21]
(2021) nanoflower) 7 min ED time
Fuentes-Camargo pulse plating of Bi, then =~0.35 stable and focused on pollutant [34]
et al. (2020) conversion to BiVOy, reusable degradation under Xe

lamp
Pelissari et al. SILAR (5 cycles), annealed 1.95 not reported highly optimized [29]
(2021) multilayer thin film
Qiuhang Lu et al. RF magnetron sputtering =2.1 not reported precise thickness [35]
(2022) (BiVQy4 target) control, but lower

crystallinity
this work controlled-intensity BiOl — 1.2 600 min stable tuned crystallinity,

BiVOy4 (electrodeposition)

of 1.2 mA-cm2 at 1.23 V vs RHE, which is comparable to or
better than the values reported for other BiVOy4-based photoan-
odes. Notably, this performance was achieved under mild syn-
thesis conditions and was supported by excellent long-term
stability (600 min), which many previous reports do not
provide. The enhanced performance in our study can be attri-
buted to the optimized grain structure, controlled crystallinity,
and superior film uniformity achieved via the controlled-inten-
sity current electrodeposition of BiOl.

Surface chemical composition (XPS)

X-ray photoelectron spectroscopy (XPS) was employed to in-
vestigate the surface chemical states and composition of the
BiVOy4 photoanodes, focusing on the optimized BiVOy4(326)
sample. The survey spectrum (Figure 7a) confirmed the pres-
ence of Bi, V, and O, which is consistent with the BiVOy struc-
ture. High-resolution Bi 4f spectra (Figure 7b) show a charac-
teristic doublet at binding energies of 159.0 eV (Bi 4f7,) and
164.2 eV (Bi 4fs),), corresponding to Bi3* in the monoclinic
phase of BiVOy, [36,37]. The V 2p region (Figure 7d) exhibits
peaks at 516.2 eV (V 2p3p) and 524.1 eV (V 2py)»), indicating
the presence of V* species associated with the VO43~ tetra-
hedra [38,39]. The Bi 4f and V 2p spectra remained unchanged
after testing, confirming chemical and structural stability of the
electrode during long-term PEC operation. The O 1s spectrum
(Figure 7c) was deconvoluted into two main peaks: the domi-
nant peak at 530.1 eV is attributed to lattice oxygen (O27),
while the broader shoulder around 531.8 eV corresponds to sur-
face hydroxy groups and oxygen vacancies [40-42]. Notably,

post-PEC testing revealed an increase in the intensity of the

porosity, and facet
orientation

oxygen vacancy-related component, suggesting the formation or
activation of surface defects during prolonged photoelectro-
chemical operation. These oxygen vacancies are known to play
a crucial role in enhancing charge separation and facilitating
surface water oxidation reactions, thereby contributing to im-
proved catalytic performance [43]. The post-stability XPS anal-
ysis also showed that BiVO4(326) was chemically stable and
that oxygen vacancies helped maintain its long-term photoelec-
trochemical activity.

Conclusion

This study demonstrates the successful synthesis of high-perfor-
mance BiVO, photoanodes through controlled-intensity current
electrodeposition, emphasizing the critical role of fabrication
conditions on the structural, optical, and photoelectrochemical
properties. XRD and Raman analyses confirmed the enhanced
crystallinity and reduced lattice strain in the samples prepared
under higher current densities and greater VO(acac), volumes,
which correlated with improved charge transport and reduced
recombination losses. UV—vis absorption spectroscopy and
FESEM imaging revealed that the optimized conditions led to
better light-harvesting capabilities and enhanced surface area
owing to finer particle morphologies and increased porosity of
the photocatalysts. XPS analysis highlighted the presence of
oxygen vacancies and well-defined chemical states, further con-
tributing to the improved catalytic activity and charge separa-
tion. Photochemical measurements demonstrated that the
BiV04(326) sample achieved the highest photocurrent density
of 1.2 mA-cm™2 at 1.23 V vs RHE, a surface hole injection effi-
ciency of 47%, and a peak IPCE of 18.1%, outperforming the
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Figure 7: X-ray photoelectron spectroscopy (XPS) analysis of the BiVO4(326) photoanode before and after PEC stability testing in 30 min (0.5 M
NaxS0Oy). (@) XPS view scans of survey spectrum and high-resolution spectra of (b) Bi 4f, (c) O 1s, and (d) V 2p.

other samples. These results highlight the synergistic effects of
an improved crystalline structure, optimized morphology, and
enhanced electronic properties. This study provides a compre-
hensive understanding of the interplay between fabrication pa-
rameters and PEC performance, paving the way for efficient
BiVO-based photoanodes for solar-driven water-splitting appli-
cations.
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