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ABSTRACT: The integration of cobalt borate OER catalysts with electrodeposited
BiVO4-based photoanodes through a simple drop casting technique was shown to
provide an improvement of the photoelectrochemical performance of electrodes
under simulated solar light. Catalysts were obtained by chemical precipitation
mediated by NaBH4 at room temperature. Scanning electron microscopy (SEM)
investigation of precipitates showed a hierarchical structure with globular features
covered in nanometric thin sheets providing a large active area, whereas X-ray
diffraction (XRD) and Raman spectroscopy highlighted their amorphous structure.
The photoelectrochemical behavior of samples was investigated by linear scan
voltammetry (LSV) and electrochemical impedance spectroscopy (EIS) techniques.
The amount of particles loaded onto BiVO4 absorbers was optimized by variation of
the drop cast volume. The enhancement of photocurrent generation by Co-Bi-
decorated electrodes with respect to bare BiVO4 was observed with an increase from
1.83 to 3.65 mA/cm2 at 1.23 V vs RHE under AM 1.5 simulated solar light,
corresponding to a charge transfer efficiency of 84.6%. The calculated maximum applied bias photon-to-current efficiency (ABPE)
value for optimized samples was 1.5% at 0.5 V applied bias. Under constant illumination at 1.23 V vs RHE, a depletion of
photoanode performances was observed within an hour, likely due to the detachment of the catalyst from the electrode surface.

1. INTRODUCTION
The use of hydrogen as a sustainable energy vector through
fuel cell technology, as well as its use as an energy storage
medium, has been a topic of discussions throughout the last
decades as a result of the intrinsic intermittence of renewable
power sources. However, most of the hydrogen gas production
today still relies on fossil fuels, with high-carbon-footprint
processes such as steam reforming, making its use on a large
scale not viable yet.1−4 Among green H2 synthesis techniques,
electrolysis has great potential thanks to the possibility of being
supplied by renewable energy sources and having unharmful
and abundant substances like H2O and O2 as feedstock and
byproduct, respectively.5−7 In particular, photoelectrochemical
(PEC) water splitting could be a smart approach to the
problem by integrating light converting elements to the
electrolytic cell in a compact device.8,9 Nevertheless, having
semiconductors in direct contact to the chemical environment
of an electrochemical cell unavoidably introduces limitations
arising from the slow kinetics of charge transfer and redox
reactions at the electrode/electrolyte interface, as well as from
the low stability of the device under long time operation. The
most promising approach for PEC cell technology arguably is
the tandem configuration, which involves the use of a
photoactive material in both electrodes.10 In this way, the
sum of the thermodynamic voltage and the overpotentials of

oxygen and hydrogen evolution reactions is overcome by the
sum of the two photovoltages, with no external bias applied. In
this configuration, photoanodes are mainly made of n-type
oxides, with TiO2,

11−13 WO3,
14−16 BiVO4,

17−19 and Fe2O3
20,21

being the most widely studied, because working in anodic
conditions requires materials with good stability against
oxidation. Therefore, photoanodes often act as a bottleneck
element of the device because, in most cases, semiconductor
oxides are characterized by large band gaps that limit the
maximum photocurrent produced. Among the candidate
materials, bismuth vanadate (BiVO4) has a good combination
of properties, namely, a proper band alignment with water
oxidation potential, an acceptable band gap width (2.4 eV) that
allows a maximum theoretical photocurrent of 7.5 mA/cm2,
and a sufficiently high chemical stability in working
conditions.17,22 On the other hand, high recombination rates
and slow kinetics of OER at the BiVO4 surface significantly
limit the performance of this material. Several solutions have
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been explored to avoid these problems through nano-
structuring,23−25 semiconductor doping and defect engineer-
ing,26−28 introduction of heterojunctions for charge separation
interfaces,29−31 and the implementation of a co-catalyst on the
surface of the electrode. Catalysts play a fundamental role in
reducing the activation energy for the several steps involved in
the water oxidation reaction but also favor a rapid charge
extraction from the absorber material, avoiding recombination
phenomena as well as photoinduced corrosion.32,33 Well-
known and efficient catalysts for OER are IrO2 and RuO2,
which are hardly suitable for a scalable technology because of
the high cost and scarcity.33,34 For this reason, the investigation
of cheaper and earth-abundant alternatives found some valid
candidates in oxides, hydroxides, and oxyhydroxides of
transition metals, namely, Mn, Fe, Ni, and Co,35−40 with
particularly high performances in the case of the combination
of more than one metallic element.18,41−43 Moreover, non-
oxide materials such as phosphates,43,44 sulfides,45,46 and
borates/borides47−49 have shown catalytic activity thanks to
the formation of oxide/hydroxide domains, which act as active
sites for the adsorption and reaction of OER intermediate
species.50 Boron-based co-catalysts are gaining interest due to
their performance and affinity to the commonly used mild
alkaline potassium borate buffer solution for photoanode
testing. Many works show this class of materials to provide
several active sites thanks to an amorphous structure or good
combination of crystalline and amorphous domains.50,51

Implementation of transition metal borates/borides in either
dark or light driven electrolysis is reported through different
synthesis methods, including solid-state reactions,51 electro-
chemical deposition processes,52−56 and chemical precipita-
tion.48,57−59 In the latter case, the formation of micro- to
nanosized particles has been obtained by the interaction of
Co2+, Ni2+, or Fe3+ ions with the NaBH4 hydrolysis products,
inducing the precipitation of metal borides or borates
depending on deposition conditions.47 Therefore, with a very
simple room temperature reaction, for example, cobalt borate
(Co-Bi) nanosheet structures can be easily obtained by
precipitation, a providing large effective area for faster OER
and reduced overpotentials.57,60 In addition, this kind of
synthesis by precipitation allowed the combination of borate
catalysts with conductive nanostructured materials, such as
carbon nanotubes,51 graphene,61 carbon black particles,62 or
MXenes.60 This approach proved to be a promising strategy to
improve the performances of electrodes. Considering PEC
water splitting, more commonly, BiVO4 photoanodes with a
thin conformal layer of a borate-based catalyst (mainly
obtained by electrochemical processes) have shown signifi-
cantly enhanced photocurrents due to an improved charge
extraction and OER kinetics.52,53,63,64

In this work, a simple integration approach of precipitated
hierarchical Co-Bi particle catalysts on the BiVO4 photo-
electrode by drop casting is proposed. Amorphous globular
Co-Bi particles with nanometric sheets on the surface were
obtained and dispersed in ethanol for the application on
BiVO4. The achieved photoanode showed an improvement of
the photogenerated current that almost doubled from 1.83 to
3.65 mA/cm2 at 1.23 V vs RHE with respect to the bare
electrode, with a maximum applied bias to photocurrent
efficiency (ABPE) reaching 1.5% with 0.5 V external voltage
applied.

2. EXPERIMENTAL METHODS
2.1. BiVO4 Synthesis. BiVO4 was synthesized according to

a widely reported procedure18 of electrodeposition of a BiOI
precursor and thermal conversion. An electrodeposition
solution was prepared by dissolving 0.4 M KI (Sigma Aldrich,
>99.5%) in 50 mL of deionized water (DIW). pH was adjusted
to 1.7 with HNO3, and then finely ground 0.04 M Bi(NO3)3
(Sigma Aldrich, 98%) was added. Under vigorous stirring, 0.23
M p-benzoquinone (Sigma Aldrich, >98%) in 20 mL of
ethanol was poured in the previous solution and then kept
stirring for several minutes. FTO (fluorine-doped tin oxide)
coated glass (Sigma Aldrich, ∼7 Ω/sq) substrates were
prepared by sequential ultrasonic cleaning in 10 g/L
ALCONOX aqueous solution and ethanol for 5 min each
step. BiOI electrodeposition was performed with a three-
electrode cell using a FTO substrate as working electrode
(WE), Ag/AgCl (3 M KCl) reference electrode (RE), and a
Pt-coated titanium net as counter electrode (CE). The
deposition was carried out in potentiostatic condition, with
an AMEL 2550 potentiostat, applying −0.1 V vs Ag/AgCl to
the WE for approximately 2−3 min, the time required for a
0.13 C cm−2 charge density to pass through the electrode.
Prior to the thermal conversion, 30 μL cm−2 of DMSO
solution containing 0.2 M vanadyl acetylacetonate (VO-
(acac)2) (Sigma Aldrich, 98%) was drop cast onto the BiOI
precursor. Successively, samples were kept in a desiccator at 70
°C until completely dry. A thermal annealing to convert BiOI
to BiVO4 was performed in air with a tubular furnace with a
heating ramp of 2 °C min−1 to 450 °C, which was maintained
for 120 min and then cooled naturally. Eventually, excess V2O5
formed on the BiVO4 surface was removed by a 30 min etching
in 1 M NaOH solution.
2.2. Co-Bi Synthesis and Electrode Preparation. The

Co-Bi powder was obtained through a modified precipitation
technique.60,61 In a beaker, 291 mg of Co(NO3)2 hexahydrate
(Alfa Aesar, >98%) was dissolved in DIW by sonication. To
initiate the precipitation, 5 mL of 0.5 M NaBH4 aqueous
solution was poured in the beaker with fast stirring. NaBH4
reacted quickly with gas evolution. The solution was kept
stirring for 40 min, and then the precipitate was rinsed and
centrifuged several times with DIW and then ethanol to
remove residues of the reaction solution. Eventually, the
powder was dried from ethanol in a desiccator at 35 °C.
Co-Bi was deposited as catalysts onto the BiVO4 photo-

anode surface by drop casting an ethanol dispersion of the
powder (0.5 mg/mL) obtained by 15 min sonication. The
catalyst loading was varied by changing the dropped volume
(10, 25, and 50 μL/cm2). After application of the dispersion
with a micropipette, ethanol was evaporated in the desiccator.
2.3. Material Characterization. Scanning electron

microscopy (SEM) imaging of powders and electrodes was
performed with a Zeiss EVO 50 EP microscope provided of
electron dispersive spectroscopy (EDS) (Oxford Instruments
INCA x-sight detector). X-ray diffraction and Raman spec-
troscopy were carried out with a Malvern Panalytical
Empyrean (Kα1Cu = 1.54058 Å) and LABRAM HR 800 UV
HORIBA JOBIN YVON (532 nm laser wavelength),
respectively. X-ray photoelectron spectroscopy spectra were
obtained by using an M-probe apparatus (Surface Science
Instruments). The source was monochromatic Al Kα radiation
(1486.6 eV). A spot size of 200 × 750 μm and pass energy of
25 eV were used. For high-resolution spectra, the 1s level of
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hydrocarbon-contaminant carbon was taken as the internal
reference at 284.6 eV. For each sample, survey analyses in the
whole range of the X-ray spectrum were performed to
determine the surface elemental composition. Similarly, high-
resolution scans in the regions of C 1s, O 1s, Co 2p3/2, and B
1s were acquired for the determination of the chemical
environment surrounding every species.
2.4. Photoelectrochemical Measurements. The photo-

electrochemical behavior of samples was evaluated with linear
scan voltammetry (LSV) in a three-electrode configuration
comprising BiVO4 photoanodes as WE, Ag/AgCl (3 M KCl)
RE, and platinum-coated titanium mesh as CE performed with
an AMEL 2559 potentiostat. The electrolyte used for
photoelectrical characterization was a 0.5 M potassium borate
buffer (pH 9.5). Tests were also performed in 0.5 M borate
buffer with 0.5 M Na2SO3 acting as the hole scavenger.
Measurements were carried out under 0.1 W/cm2 AM 1.5 light
of an ABET Sunlite 11002 solar simulator Xe arc lamp. The
curves were reported after conversion of potential values versus
reversible hydrogen electrode (RHE) according to the Nernst
equation. LSV curves were measured in two-electrode
configuration using only Pt mesh as CE for the calculation
of ABPE through the formula in the Supporting Information.
Electrochemical impedance spectroscopy (EIS) was performed
in the same three-electrode configuration with an Admiral
Squidstat Plus with an AC potential with 10 mV amplitude
oscillating at 0.3 V vs RHE in the 100 mHz−1 MHz range.

3. RESULTS AND DISCUSSION
Cobalt borate (Co-Bi) OER catalysts were precipitated from a
Co(NO3)2 solution by addition of NaBH4. According to
previous reports,47,65 metallic ion reduction with sodium
borohydride exploits the spontaneous hydrolysis reaction
borohydride (1), which first induces the formation of cobalt
borides (Co-B) that are good catalyzers of further dissociation
of NaBH4 (2). Thanks to the formation of borate groups
(BO2)−, Co(BO2)2 cobalt borate is formed (Co-Bi) (3).

(1)

(2)

(3)

Different synthesis outcomes can be obtained from this
system, i.e., borides, borates, or metallic cobalt, as well as
hybrid structures and nonstoichiometric compounds, depend-
ing on the following reaction parameters: reactants’ order of
addition, reaction atmosphere (air/inert), reaction time, and
BH4

−/Co2+ ratio.65−67 Here, rapid addition of a small volume
of concentrated NaBH4 to a cobalt containing solution (B/Co
= 2.5 in the reaction mixture) was performed followed by
several minutes of stirring in air, according to reported works
showing hierarchical Co-Bi nanosheets as the main out-
come.60−62 The formation of 2D structures was shown to be
favored by the use of nitrates as Co precursors.68

Centrifugation and drying of the precipitate led to a dark
brown powder. SEM micrographs of the powder (Figure 1)
indicate the formation of clusters of few micrometers in size
constituted of globular features. The surface of the particles is
characterized by nanometric thin sheets that increase the

overall active area with a hierarchical structure, which is
beneficial to the catalytic performance because more active
sites are available for the OER reaction.
To determine the structure of the material composing the

precipitate, XRD analysis was performed (Figure 2a). In
confirmation of reported results for similar syntheses, no
characteristic peaks were observed, implying that an

Figure 1. SEM micrographs of Co-Bi hierarchical particles at different
magnifications (a, b).

Figure 2. XRD spectra of Co-Bi powders and BiVO4 (a) and the
corresponding Raman spectra (b).
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amorphous structure of the cobalt-boron based material was
obtained. The Raman (Figure 2b) spectrum confirmed the
absence of structural order, not showing a significant signal in
the analyzed wavenumber range.
X-ray photoelectron spectroscopy (XPS) was then per-

formed to gain information on the composition and chemical
state of elements composing the particulate surface. The survey
analysis showed the presence of Co, B, and O in the material
(Figure 3a), with an atomic composition expressed by the ratio
Co/B/O of 1.8:1:6. High-resolution scans on the elements’
main peak highlighted several components because of the
nonstoichiometric composition of the material. Considering
the 1s peak of boron (Figure 3b), two components related to B
bound to O are individuated at 191.0 and 192.4 eV, and they

can be associated to Co−B−O and B−O bonds of cobalt
borate, respectively. In addition, a third contributor at lower
binding energy (188.7 eV) might be associated to the presence
of cobalt boride (Co-B) domains in the particles. Considering
the signal related to Co 2p3/2 (Figure 3c), its deconvolution
indicated three components related to different cobalt
oxidation states, namely, Co(II), Co(III), and Co(0) at
781.6, 780.0, and 778.0 eV, respectively. The peak related to
metallic Co was associated to the formation of boride phases
along with borate, corresponding to higher oxidation
states.47,69 A typical satellite peak is then observed at 783.4
eV. Eventually, the analysis of O 1s signal (Figure 3d) showed
contribution from boron-bound oxygen, separated in three
main components associated to the surface oxygen (532.7 eV),

Figure 3. XPS analysis of Co-Bi catalysts. Survey (a) and high-resolution scans and deconvolution of B 1s (b), Co 2p (c), and O 1s (d).

Figure 4. SEM micrographs and relative digital photos: BiOI (a), BiVO4 (b), and BiVO4/Co-Bi (c). Cross-sectional SEM image of a BiVO4
nanostructured film (d). EDS mapping of Co-Bi decorated BiVO4 (e).
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hydroxyl groups (531.0 eV), and lattice oxygen (529.5
eV).47,57,70 An additional peak at lower binding energy is
observed at 528.2 eV, which might indicate the formation of
Co−O bonds related to superficial oxide/hydroxide domains.
BiVO4 absorber films were synthesized according to a typical

electrochemical method, first depositing a BiOI nanosheet
layer by electrodeposition, shown in the SEM micrograph
(Figure 4a). The calcination treatment allowed the conversion
of the film into the typical nanoporous BiVO4 layer (Figure
4b), with 200−300 nm wormlike structures, providing a large
surface area and a sufficiently short path for charge carriers
from the bulk to the surface of the semiconductor. From the
cross-sectional image of BiVO4 the thickness of the semi-
conductor layer appeared to be approximately 1 μm (Figure
4d). As reported in Figure 2a, the complete monoclinic
scheelite pattern with main characteristic peaks at 18.97, 28.95,
and 30.55° in the XRD spectrum of the BiVO4 film confirmed
that nanostructures feature randomly oriented crystallites.
Similarly, the Raman spectrum of the semiconductor (Figure

2b) showed characteristic bands of BiVO4 at 127, 209, 325,
367, and 827 cm−1. No significant variation of XRD and
Raman spectra is observed upon deposition of Co-Bi on
BiVO4. The application of the catalyst on the surface of the
photoanode was obtained with a very simple drop casting
process. Different volumes of the dispersion (10, 25, and 50
μL/cm2) were cast on BiVO4 to observe the effect of different
catalyst loadings on the surface on the photoelectrochemical
performance of the photoanode. Figure 5 shows a schematic

representation of the overall process of electrode fabrication.
SEM micrographs of the decorated electrode show Co-Bi
particles distributed on the surface of the nanoporous layer
(Figure 4c), lying above the nanometric features of BiVO4.
EDS mapping allows one to distinguish Co-Bi catalysts (Figure
4e), indicated by more intense spots in the Co and O
distribution, from smaller particles, which are BiVO4 clusters
grown on top of the main layer, as already observed in other
works.19 The weak and delocalized signal in the B map should
be related to the scarce sensitivity of the instrument to boron,
the lightest detectable element, which is below the detectability
threshold in the EDS spectrum of Co-Bi particles (Figure S1).
The distribution of catalysts is random, and their number per
unit area increases with the drop cast volume (Figure 6a−c). In
any case, in the considered areas, no interaction between
particles or clustering is observed with higher catalyst loading.
The large size of catalysts with respect to the nanometric
structures of the BiVO4 film can suggest that improvements in

the photoanode performance could be achieved, increasing
both the contact area with the catalyst and surface coverage.
A better interaction between the absorber material and

catalyst may be expected with a reduced size of Co-Bi particles,
allowing them to deposit in the porosities of the semi-
conductor, for a better exploitation of the large BiVO4 area.
Ultrasonication with a probe sonicator was investigated to
break catalysts into smaller particles, but a reduction in the
photocurrent produced at low applied bias was observed
(Figure S2). This does not exclude that a distribution of
nanometric particles or aggregates, produced through alter-
native methods to drop casting, can be beneficial.
Regardless of the previous statements, in the presence of Co-

Bi, a significant improvement of the photoelectrochemical
performance, with respect to the bare BiVO4, was observed
with LSV testing under illumination. The best photocurrent
yield was obtained with an intermediate amount of catalyst (25
μL/cm2) deposited on the surface of the electrode (Figure 6d).
An important increase in photocurrent density was observed at
low applied bias, overcoming 1 mA/cm2 at 0.38 V vs RHE, and
the onset potential almost coincided with the one measured in
the presence of the Na2SO3 hole scavenger, proving the high
catalytic activity of Co-Bi (Figure 7a). Dark current density
curves are shown in the plot, measuring nearly null current for
the entire scan, indicating that the current density under
illumination was all generated by light conversion. Considering
the photocurrent value at 1.23 V vs RHE, a large enhancement
is obtained, with an increase from 1.83 mA/cm2 for the bare
BiVO4 electrode to 3.65 mA/cm2 in the case of the optimized
catalyst-decorated sample. The improved charge transfer
kinetics at the electrode/electrolyte thanks to Co-Bi was
confirmed by electrochemical impedance spectroscopy (EIS)
measurements (Figure 7b): Nyquist plots showed the
recognizable semicircular graphs, indicating that the electrode
behavior could be modelized with the Randles equivalent
circuit reported in the inset, featuring electrolyte resistance
(Rs), charge transfer resistance (Rct), and a constant phase
capacitive element (CPE) (fitting parameters are reported in
Table S1).64,71,72 The reduced diameter in the presence of
catalysts indicated a reduction of the charge transfer resistance
at the surface. The charge transfer resistances (Rct’s) obtained
from the plot fitting were 33.67 and 3.70 kΩ for pristine and
catalyst-decorated BiVO4, respectively. The charge transfer
efficiency of photoanodes reported in Figure 7c was calculated
as the ratio between photocurrent densities measured without
and with the Na2SO3 hole scavenger, with the latter being an
indication of the maximum electrical output of the electrode in
ideal charge transfer conditions through the electrode surface.
Starting from a 44.8% efficiency at 1.23 V vs RHE of the bare
BiVO4 material, Co-Bi particles allowed the achievement of the
remarkable value of 84.6%. It is worth noticing that the LSV
curve in the presence of sulfite after catalyst deposition was
almost identical to the reference sample (Figure 7a), indicating
no current generation contribute was provided by Co-Bi,
whereas the performance improvement was entirely related to
a favored oxygen evolution. Similarly, a higher overall efficiency
with the catalysts was evaluated by ABPE calculation from LSV
measurements carried out in two-electrode conditions using a
Pt mesh as nonphotoactive cathode. In fact, the ABPE
maximum of the Co-Bi decorated sample was 5 times higher
than that of the reference sample, reaching 1.5%, which is
comparable to state-of-art performances of BiVO4-based
photoanodes with OER catalysts (Figure 6d). In particular,

Figure 5. Schematic representation of the photoanode fabrication
route.
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the half-cell efficiency is higher than that for a comparable Co-
Bi/BiVO4 photoanode proposed by Xue et al., with electro-

chemically deposited cobalt borate, showing a maximum ABPE
lower than 1% (2.5 mA/cm2 at 1.23 V vs RHE), which was

Figure 6. Representative SEM micrographs of BiVO4 decorated with different drop cast volumes of catalyst dispersion: 10 μL/cm2 (a), 25 μL/cm2

(b), and 50 μL/cm2 (c). Dependence on the drop cast volume of catalyst dispersion of LSV curves of BiVO4/Co-Bi in 1 M potassium borate (pH
9.5) under 100 mW/cm2 AM 1.5 light (d).

Figure 7. Photoelectrochemical characterization of BiVO4 photoanodes. (a) LSV test in 1 M potassium borate (pH 9.5) under AM 1.5 light with
(dashed line) and without (solid line) Na2SO3 hole scavenger. (b) Electrochemical impedance spectroscopy Nyquist plots with Randles equivalent
circuit scheme. (c) Charge transfer efficiency (ηct). (d) Applied bias photon-to-current efficiency (ABPE).
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increased to about 1.3% only by the introduction of an
ultrathin TiO2 layer between the photoabsorber and co-catalyst
(Co-Bi/TiO2/BiVO4) for a better charge transfer.

56 Note-
worthily, the maximum efficiency shifted towards a lower
applied bias value (0.5 V vs RHE) with Co-Bi (Figure 6d), in
accordance with the higher current density yield. This is a
desirable result in the perspective of the integration of the
photoanode in a tandem device because the cell’s working
point usually occurs close to the onset points of the two
electrodes, so having higher efficiency at lower applied bias
would provide a better overall performance.
Eventually, the durability of the photoanodes and catalyst

was evaluated by measuring the photocurrent density produced
while maintaining the sample exposed to the simulated solar
radiation for 2 h under a constant applied potential, 1.23 V vs
RHE (Figure 8). According to the chronoamperometry, the

Co-Bi-decorated sample maintained the initial electrical output
for almost 45 min. However, after that first interval,
performance started to decrease monotonically, reaching the
photocurrent value of the BiVO4 photoanode 2 h after the
beginning of the test. To investigate the phenomena producing
the performance degradation, SEM analysis on the sample after
chronoamperometry was performed. Degradation of either
BiVO4 or Co-Bi could be expected to induce such a change in
the electrode behavior. However, no significant modification of
the microstructure that may indicate BiVO4 dissolution or
degradation was observed after exposure to working conditions
(Figure S3), as it could be expected according to literature
reports about photodegradation of the semiconductor in
borate-based electrolytes.73 Moreover, a similar reduction in
photocurrent may be expected in the bare BiVO4 electrode,
which is not the case. Similarly, high magnification of the
catalyst particle still showed the characteristic nanosheets
covering the surface, which seemed to exclude a reduction or
depletion of the catalyst surface. Representative images of the
electrode surface at lower magnification before and after a long
exposure test were compared in Figure S4. A reduction of the
number of catalyst particles distributed on the semiconductor
could be observed (Figure S5), which led to the conclusion
that the efficiency reduction might be induced by the
detachment of catalyst particles from the surface of the
material.
Clearly, toward a reliable application of the presented

strategy to improve the performances of BiVO4 photoanodes,
this issue should be faced in future work. Adhesion of the
catalyst could be improved by reducing the average size of

particles, either tailoring the synthesis reaction or introducing a
successive treatment (e.g., ball milling), so that a better
mechanical interlocking with the BiVO4 nanostructures can be
achieved. Also, the use of a binder such as Nafion particles
might be viable solution, as proposed for the decoration of
electrodes for electrochemical water splitting.60 Eventually, the
introduction of thin conformal layers of TiO2, as proposed by
Xue et al.,56 should be considered because it may combine the
better Co-Bi adhesion to the improved charge transfer reported
as well as protection of active materials from photocorrosion
phenomena.

4. CONCLUSIONS
Drop casting of micrometric cobalt borate (Co-Bi) OER
catalysts on BiVO4 was demonstrated to be a simple yet
effective technique for a high-performing photoanode for water
splitting. Catalysts with a hierarchical structure consisting in
globular features covered in nanometric sheets were synthe-
sized by chemical precipitation at room temperature through
reduction of cobalt ions with NaBH4. Photoanodes with good
photoelectrochemical behavior were achieved with optimized
catalyst loading, producing significant photocurrent density at
low applied bias. The photocurrent yield at 1.23 V vs RHE
(3.65 mA/cm2) was doubled with respect to the bare BiVO4
material, and a maximum 1.5% ABPE was achieved at 0.5 V vs
RHE. The stability under working conditions of the electrode
was observed within an hour with a following drop of
performance, probably due to catalyst detachment. Further
investigation of the effect of a reduced size of catalyst could be
considered a viable pathway toward better results, as an
improved interaction of particles with nanometric features of
electrodeposited BiVO4 might enhance both the electrical
behavior of the photoanode and catalyst adhesion on its
surface.
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