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ABSTRACT: To optimize the semiconductor properties of TiVO4 thin films and
enhance their performance, we incorporated cobalt nanoparticles as an effective
co-catalyst consisting of a non-noble metal. Through an investigation into the
impact of cobalt loading on spray pyrolyzed TiVO4 thin films, we observed a
significant enhancement in the photoelectrochemical (PEC) performance. This
was accomplished by carefully optimizing the concentrations of Co2+ (3 mM) to
fabricate a composite electrode, resulting in a higher photocurrent density for the
TiVO4:Co photoanode. When an applied potential of 1.23 V (vs RHE) was used,
the photocurrent density reached 450 μA/cm2, approximately 5 times higher than
that of bare TiVO4. We conducted a thorough characterization of the composite
structure and optical properties. Additionally, electrochemical impedance
spectroscopy analysis indicated that the TiVO4/Co thin film exhibited a smaller
semicircle, indicating a significant improvement in charge transfer at the interface.
In comparison to bare TiVO4, the TiVO4/Co composite exhibited a notable improvement in photocatalytic activity when degrading
methylene blue (MB) dye, a widely employed model dye. Under light illumination, a TiVO4/Co thin film exhibited a notable dye
degradation rate of 97% within a 45 min duration. The scalability of our fabrication method makes it suitable for large-area devices
intended for sunlight-driven PEC seawater splitting studies.

■ INTRODUCTION
Photocatalytic and photoelectrochemical (PEC) systems used
for solar-to-chemical energy conversion applications are
developed in parallel. While both systems employ photoactive
semiconductors as the core component in their functionality,
some common strategies have been formulated and adopted to
improve their performance. PEC water splitting has attracted
more attention recently as one of the most promising H2
production methods due to its utilization of the unlimited
energy source of solar light without producing any carbon
dioxide emissions and environmental pollutants. Photovoltaic
(PV) solar cell technology directly converts solar energy into
electricity. The PEC water splitting process consists of three
steps: light absorption resulting in charge carrier generation,
transportation of charge to the surfaces, and the utilization of
excited photocarriers to drive overall required reactions.
Therefore, transporting the photo-generated carriers from a
photo-absorber to a solid/liquid interface where catalytic sites
can oxidize or reduce the water is critical.1−4 Fujishima and
Honda were the first observers of the phenomenon of water
splitting, using n-type TiO2 as a photoanode since early 1972.5

Subsequently, research has been devoted to achieving high
performance of PEC systems, taking into account the
fundamental considerations such as potential requirement,
diffusion length, bulk defects, and charges recombinations.6

Metal oxide semiconductors such as Fe2O3,
7 Co3O4,

8 TiO2,
9

BiVO4,
10 FexVxO4,

11 and CuxVxOx
12 have been used

intensively in the photocatalytic applications, showing some
effective photoactive performances under solar irradiation.
However, several drawbacks are more likely to respond to their
low efficiency, e.g., band gap structures that cannot straddle
some redox potentials to drive overall water splitting reactions.
Consequently, charge carriers’ recombination rate is swift, and
the slow transport and trapping of charge carriers occur on the
surface.7−9,13 So, numerous strategies such as doping with
other metals,14,15 forming a heterostructure,16,17 and co-
catalyst deposition18,19 have been explored to overcome poor
metal oxide electrode PEC performance.

The main keys to using the co-catalyst approach as impurity
implantation on the photocatalyst’s surface for PEC water
splitting are to extend these materials’ spectral response toward
visible light by enhancing the light harvesting, facilitating
charge transfer, and providing active sites of these materials.20
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Additionally, co-catalysts can lower the overpotential of the
hydrogen evolution (HER) and oxygen evolution (OER)
reactions, as sequence provides long-term stability.21,22 Nobel
(Pt, Au, Ag, and Pd) and non-noble (Co, Ni, and Cu) metals
have been explored as the metal ion co-catalyst with another
metal oxide for photocatalysis applications, showing excellent
H2 activity with an improvement in the photocurrent density
compared with that of those un-coupling materials with co-
catalysts.19,23−27

Ag, Au, and Ni are advantageous nanoparticles (NPs) loaded
on the semiconductor’s surfaces owing to the surface
plasmonic resonance (SPR) effect, which plays as mediators
of electrons at the solid/liquid interface. Pawar et al. (2018)
evaluated the SPR effect of Ag and Ni NPs loading on LaFeO3
thin film surfaces. Ag, Ni/LaFeO3 exhibited higher light
absorption, resulting in an increase in the current density up to
0.074 and 0.066 mA/cm2 at 0.6 V vs RHE compared to that of
bare LaFeO3, respectively.18,19 In their study, Reichert et al.
(2015) investigated the role of Au/TiO2 electrode thin films in
the production of O2 and H2 at the same time via varying Au
NP loading on the produced films. The researchers observed
that the intensity of light varied depending on the quantity of
Au NPs, and these reactions acted as catalysts, leading to an
enhanced separation of photo-generated charge carriers.28

Meanwhile, Siavash Moakhar et al. studied the effect of using
dual co-catalysts of AuPd bimetallic NPs deposited on the
TiO2 nanorod arrays via the electrodeposition technique.
AuPd−TiO2’s structure depicted an enhanced photocurrent
density of 3.36 mA/cm2 under AM 1.5 light illumination (100
mW cm−2) due to hindering charge carrier recombination and
passivating surface defects shown on the TiO2 nanorods. As a
result, the AuPd− TiO2 film exhibited combined properties
from both catalysts: Au by increasing light harvesting capacity
and Pd properties by accelerating electrocatalytic activity.29

Moreover, utilization of the NP co-catalyst onto photocatalysts
has also shown excellent performance in the photocatalytic dye
degradation and removal of the environmental pollutants
applications.30,31 The presence of co-catalyst NPs can provide
the additional active site with large contact surface area,
enhancing the reactions and resulting in high efficiency with
superior photocatalytic activity.32

Given the exorbitant expense and limited availability of
noble metals, the imperative of developing affordable and
exceptionally efficient cocatalysts has become apparent in
facilitating the widespread implementation of photocatalytic
water splitting. Moreover, it has a reduced tendency to form
recombination centers, leading to enhanced and efficient water
splitting reactions, specifically the OER and HER. Con-
sequently, incorporating this co-catalyst results in a significant
improvement in the PEC activity.33−35 Co NPs, an earth-
abundant transition co-catalyst, were introduced onto the
surface of plain TiVO4 thin films using the wet impregnation
technique inspired by our previous work.36 In this study, we
aimed to enhance the photocurrent density of the TiVO4
photoanode, which was previously prepared via spray pyrolysis,
by varying the cobalt solution contents. The presence of an
optimal Co loading of 3 mM resulted in a significantly
improved PEC performance and excellent photocatalytic dye
degradation compared to that of bare TiVO4. These prepared
films were employed as photocatalysts to remove methylene
blue (MB) dye from wastewater. The thin films exhibited
superior charge carrier separation compared to their powder
form counterparts and demonstrated relatively faster separa-

tion from an aqueous solution during photocatalytic
degradation.

■ MATERIALS AND METHODS
Materials. To fabricate a TiVO4/Co thin film, chemicals

such as vanadium acetylacetonate, titanium isopropoxide,
ethanol, and trifluoroacetate acid were procured from Merck
Life Science Products (U.K) and employed without additional
purification. The photodegradation efficiency of the optimized
TiVO4/Co (3 mM) thin film was evaluated using Merck Life
Sciences’ MB dye.

Fabrication of the TiVO4 Photoanode. Titanium
vanadate photoanodes were synthesized using the spray
pyrolysis technique, as detailed in our previous publication.36

In summary, a solution was prepared by dissolving vanadium
acetylacetonate and titanium isopropoxide in 15 mL of
ethanol. Subsequently, 0.05 mL of trifluoroacetate acid
(99%) was added to the solution and stirred for 2 h. The
solution was sprayed onto cleaned fluorine-doped tin oxide
(FTO) glasses measuring 1 cm × 1 cm while maintaining a
substrate temperature of 250 °C. The coated substrates were
annealed at 600 °C for 2 h in a muffle furnace and then cooled
to room temperature.

Fabrication of the Co-incorporated TiVO4 (TiVO4/Co)
Photoanode. The FTO substrates coated with TiVO4 were
placed in a solution containing 0.7 mM sodium citrate, along
with varying concentrations of cobalt nitrate (1, 2, 3, and 4
mM).8 The immersion took place at a temperature of 100 °C
for a duration of 2 h. Subsequently, the TiVO4/Co films were
washed with deionized water and left to dry in air. These
prepared films were then utilized for subsequent PEC
performance testing.

Photocatalytic Dye Degradation Test. For the experi-
ment, 10 mg of pure MB powder was dissolved in 1 L of
deionized water to achieve a concentration of 10 mg/L. The
prepared film was immersed in 30 mL of the MB solution,
placed in a cylindrical Pyrex container, and subjected to
constant stirring in the dark for 30 min to establish adsorption/
desorption equilibrium. Subsequently, to simulate 1 sun
condition with an approximate light intensity of 100 mW/
cm2, a Newport 66902, 300 W xenon lamp with an air mass
(AM) of 1.5 was employed. Following the designated test
period, the UV−vis spectrophotometer was used to measure
the absorbance of the solution, which indicated the
degradation of MB.

Materials Characterization. To understand the structure
and phases of the TiVO4−Co thin films, a Bruker D8 X-ray
diffractometer was utilized in conjunction with monochromatic
Cu kα (λ = 0.154 nm) radiation. Morphological thin film
analysis was conducted using the TESCAN VEGA3 scanning
electron microscope with an energy-dispersive spectroscopy
(EDS) system provided by Oxford Instruments. Additionally,
the structural characterization involved high-resolution trans-
mission electron microscopy (HR-TEM), selected area
electron diffraction (SAED), and scanning transmission
electron microscopy (STEM) performed using the JEOL
JEM-2100F transmission electron microscope operating at 200
kV. X-ray photoelectron spectroscopy (XPS) analysis was
carried out using a Thermo NEXSA XPS instrument equipped
with a monochromated Al kα X-ray source (1486.7 eV). The
thin film data were acquired under a pressure below 10−8 Torr
and at a room temperature of 294 K. CasaXPS v2.3.20PR1.0
software was employed for data analysis, and calibration was
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performed using the C 1s peak at 284.8 eV. The absorption
spectra of the thin films were obtained using Perkin Elmer’s
UV-vis-NIR UV-3600 Plus spectrophotometer.

The TiVO4/Co photoanode was utilized for PEC studies
using the Metrohm Autolab (PGSTAT302N) workstation with
three-electrode compartments. The reference electrode was a
saturated aqueous solution of Ag/AgCl in KCl, while the
electrolyte for the electrochemical testing was a 1 M aqueous
solution of NaOH with a pH of 13.6. To simulate 1 SUN
condition (100 mW/cm2), light intensity was generated using
a Newport setup consisting of a 300 W xenon lamp with an
AM 1.5 filter and a 420 nm cut-off filter to eliminate ultraviolet
radiation. The voltage of the photoanode (measured against
Ag/AgCl) was recorded at a scan rate of 0.01 V/s, ranging
from negative to positive potentials (from −0.3 V to +0.5 V)
under light, dark, and chopping conditions. Subsequently, all
potentials were converted to a reversible hydrogen electrode
(RHE) potential using the Nernst equation given in eq 1

= + +E E 0.0591(pH) 0.1976 VRHE Ag/AgCl (1)

where the pH of the electrolyte was kept at 13.6. Furthermore,
electrochemical impedance spectroscopy (EIS) was performed
in the frequency range of 10−1−105 Hz in 1 M NaOH aqueous
solution under 1 SUN illumination (100 mW/cm2). The
Mott−Schottky equation was used to determine the photo-
anode’s flat band potential (Vfb) and concentration of the
dopants (ND) following the formula

=
C A N

v v
K T
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1 2
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2
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2
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zzz i

k
jjj y

{
zzz

(2)

where C is space charge capacitance, ε0 is the permittivity of
vacuum, εr is the relative permittivity of a material, A is the area
of the film, ND is the carrier concentration, KB is the
Boltzmann constant, T is the temperature, e is the electronic
charge, V is the applied potential, and Vfb is the flat band
potential, which is estimated through a linear fit in the Mott−
Schottky plot.

For photocatalytic dye degradation, a UV−vis spectropho-
tometer was used to reflect the degradation of the MB dye.
The degradation of the MB dye was performed using an
ozone-free light source of 300 W from Newport Model: 66483-
300XF-R22.

The rate of degradation was calculated using the following
eq 2

= [ ] ×D C C1 ( / ) 100%t (3)

where Cο is the initial concentration of the dye solution and Ct
is the remaining concentration after irradiation at the tested
time.

■ RESULTS AND DISCUSSION
Characterization of the Photocatalyst Thin Film.

Optical Analysis. Figure 1a displays the UV−vis absorption
spectra of various concentrations of Co loaded on bare TiVO4.
Higher absorption is observed in the shorter wavelength range
(400−550 nm). Furthermore, increased light absorbance

Figure 1. (a) Absorbance spectra of various TiVO4/Co films and (b) Kubelka−Munk plots of bare and TiVO4/Co (3 mM) thin films.

Figure 2. (a) XRD patterns of bare TiVO4 and TiVO4/Co photoanodes deposited on FTO glass and (b) corresponding Williamson−Hall analysis
plot.
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beyond 550 nm is attributed to Co loading on the bare film,
although it should be relatively small since more incident light
is absorbed with higher Co loading.37 Additionally, it is noted
that the absorption edges remain almost unchanged after
loading Co particles, indicating Co deposition on the surface
rather than doping into the TiVO4 lattice.38 The band gap of
the optimally loaded Co NPs is calculated using the Kubelka−
Munk function from reflection spectra, resulting in an
estimated value of 2.15 eV, slightly decreased by 0.03 eV
compared to that of the bare film (Figure 1b). Conversely,
excessive Co loading (4 mM) reduces light absorption due to
scattering from agglomerated Co on the surface, obstructing
more active sites of the photocatalyst.39 These findings provide
evidence that the amount of co-catalyst loading significantly
affects photocatalytic absorption as a higher co-catalyst
concentration can shield incident light, leading to decreased
photocatalytic activity. Thus, considering the effect of co-
catalyst loading on absorption spectra, a concentration of 3
mM is deemed optimal for Co loading as it exhibits maximum
absorption, warranting further analysis of PEC and photo-
catalytic degradation performance.

The X-ray diffraction (XRD) patterns of the prepared
TiVO4 and TiVO4/Co (3 mM) samples are displayed in
Figure 2a. Both patterns exhibit diffraction peaks that match
the single-phase TiVO4 peaks, specifically oriented in the
(110), (111), and (211) crystal planes, which align well with
previous findings.36 These results further confirm the

tetragonal structure of the samples, as indicated by the
JCPDS file 01-770332. The presence of additional peaks
(depicted as gray circles) in the observed spectrum can be
attributed to the FTO glass substrate. However, it is
noteworthy that the distinct peaks associated with cobalt are
not present in the TiVO4/Co (3 mM) film. This absence could
be explained by either the small size of the Co particles or the
low amount of Co loaded onto bare TiVO4, as previously
mentioned.26,40,41 However, despite the absence of Co peaks,
the intensity of the film peaks decreased upon Co loading
without any noticeable shift. XRD patterns are influenced not
only by the size of crystallites but possibly also by lattice strain
and lattice defects. Moreover, the Williamson−Hall analysis is
an effective method for distinguishing deformation peaks
caused by variations in both the size and strain of the armature.
The obtained lattice strain value from the Williamson−Hall
plot (Figure 2b) for TiVO4/Co is 1.25 × 10−3, slightly higher
than that of the pure TiVO4 sample (1.14 × 10−3).42 This
indicates that the inclusion of cobalt led to a minor strain in
the crystallite size, demonstrating the successful deposition of
Co particles onto the TiVO4 lattice without causing distortion.
Furthermore, there is the negligible disparity in the crystallite
sizes between bare TiVO4 (21.3 nm) and TiVO4/Co (19.9
nm), suggesting that Co2+ has not been doped into the TiVO4
lattice. However, considering the strain aspect, it is highly likely
that Co2+ may have been deposited either as Co NPs or

Figure 3. SEM microstructural images of (a) bare TiVO4, (b) TiVO4/Co (3 mM), (c) TiVO4/Co (1 mM), (d) TiVO4/Co (2 mM), and (e)
TiVO4/Co (4 mM) photoanodes and (f) EDS spectrum of the TiVO4/Co (3 mM) photoanode.
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Figure 4. (a,b) TEM bright field images at different magnifications, (b) corresponding HRTEM images, and (d) SAED and (e) STEM images of
the TiVO4/Co (3 mM) thin film.

Figure 5. (a) XPS survey spectrum of the TiVO4/Co (3 mM) thin films on FTO glass and (b) XPS spectrum of spin−orbit deconvoluted peaks of
Ti 2p, (c) V 2p with O 1s, and (d) Co 2p levels, respectively.
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surface-adsorbed onto the TiVO4 crystallite during the
incorporation process.43

Microstructural Analysis. Figure 3a−e presents top-view
scanning electron microscopy (SEM) images of different films:
bare TiVO4 and TiVO4 loaded with Co at various solution
contents. In Figure 3a, the bare TiVO4 film exhibits a porous
structure with well-sized grains and a smooth surface,
consistent with previous findings. Upon loading Co (3 mM)
onto the TiVO4 surface, which showed the highest photo-
current, the surface remains relatively smooth, with a uniform
particle distribution. The spatial structure of TiVO4 remains
intact after loading, with a more visible and rougher adhered-
like structure on the tail side of TiVO4 particles, as shown in
the inset of Figure 3b.

No significant changes in morphology are observed when a
small amount of Co particles (1 mM and 2 mM) is loaded
onto the bare TiVO4 surface, as seen in Figure 3c and 3d.
However, these samples display increased porosity, the
gathering of primary particles, and formation of an ultra-thin
layer. Figure 3e reveals that an excessive amount of the Co
catalyst results in non-uniform primary particle sizes, obscured
edges covered by a thick layer, and the formation of larger,
varying grain sizes due to particle agglomeration.

Compared to the structure of the bare film, the TiVO4/Co
film demonstrates an appropriate structure for achieving a
moderate porosity size and active contact sites with the
electrolyte. This facilitates the separation and transfer of
charges, thereby enhancing the photocurrent density. Con-
sequently, the presence of Co particles on the TiVO4 surface
improves the intrinsic photocatalytic activity of the com-
pound.21 Figure 3f presents the EDS analysis of TiVO4/Co,
confirming the presence of V, Ti, O, and Co elements. The
elemental surface scanning image shows a uniform distribution
of Co particles on the TiVO4 surface.

Figure 4a,b illustrates the morphology of the Co-loaded
TiVO4 thin film, consisting of spatially interconnected quasi-
spherical TiVO4 NPs at their different magnifications.
Additionally, as a result of the nucleation and coalescence
process, there is an occurrence of overgrown nanocrystallite
spherical particles. These NPs have an average size of 110 nm.
Interestingly, the particle size determined through TEM
analysis exhibits a significant deviation when compared to
the crystallite size obtained from the XRD analysis. This
remarkable difference strongly suggests that the TiVO4/Co
NPs are composed of self-assembled polycrystalline structures,
indicating that the NPs possess a single-domain structure.44,45

Figure 4c displays a high-resolution TEM (HR-TEM)
micrograph, revealing fringes with spacings of 0.323,
corresponding to the (110) plane of TiVO4, indicating the
highly crystalline nature of the film. Cobalt particles seem
slightly agglomerated on the edge of the primary particle
(yellow circles), which is common for samples prepared by the
wet impregnation route.46 Furthermore, the corresponding
SAED pattern in Figure 4d exhibits diffraction planes such as
110, 200, and 111, which correspond to the tetragonal crystal
structure of TiVO4. These diffraction patterns confirm the
polycrystalline nature of the prepared sample, whereas Figure
4e shows STEM images of Co-loaded TiVO4 with an overall
uniform distribution of Co particles on the bare surface.

X-ray Photoelectron Spectroscopy Study. The surface
composition of the Co-loaded TiVO4 sample was analyzed by
XPS integrated peak area analysis, as shown in Figure 5. All
binding energies were calibrated using the contaminant carbon

(C 1s = 283.4 eV) as the reference. Figure 5a shows the surface
spectrum of the sample, where Ti 2p, V 2p, O 1s, and Co 2p
peaks were detected for the TiVO4/Co sample along with Sn
3d peaks, which is attributed to the FTO glass. Figure 5b
displays characteristics of the Ti 2p spectrum of the TiVO4/Co
sample composed of two dominating spin−orbit splitting of Ti
2p1/2 and Ti 2p3/2 peaks, located at 463.69 and 457.89,
respectively, leading to a spin−orbit splitting energy of 5.8 eV
that is characteristic of the +4 oxidation state of the Ti in the
TiVO4 structure.47 Notably, the spin−orbit values are slightly
higher than the typical Ti4+ spin−orbit values, probably due to
the effect of the Co loading. In addition, a slight peak of Ti3+
was also noticed, originating probably due to the partial
reduction of Ti4+ creating oxygen vacancies.

There is strong hybridization between V 2p and O 1s states
and thus exposed various oxidation states of V 2p during
TiVO4 formation, as shown in Figure 5c. V exhibits three
significant oxidation states such as +5, +4, and +2, where the
+5 states dominate.48 The binding energies at 514.63 and
521.70 eV correspond to V 2p3/2 and 2p1/2 for their +2
oxidation state, respectively. The V 2p3/2 and V 2p1/2 represent
+4 oxidation states at 515.84 and 523.01 eV, respectively. The
most stable and dominant V5+ oxidation states were found at
516.62 and 524.12 eV, corresponding to the spin−orbit
binding energies of V5+ 2p3/2 and V5+ 2p1/2 states,
respectively.49

On the other hand, Figure 5c also depicts the asymmetric O
1s core level spectrum for the Co-doped TiVO4 sample, which
was deconvoluted into four peaks located at 529.37, 531.46,
533.72, and 535.44 eV, corresponding to lattice oxygen, oxygen
vacancy, and chemisorbed or interstitial oxygen, respectively.
The O 1 component on the lower binding energy side of the O
1s spectrum belongs to O2− ions in Ti−O−V bonds of the
tetragonal structure (lattice oxygen). The medium binding
energy peak (O2) is associated with the O2− ions in oxygen-
deficient regions within the TiVO4 sample. Finally, the high
binding energy portions (O3) are generally attributed to
interstitial oxygen in TiVO4, which may include additional
oxygen in the grain boundaries, such as chemisorbed or
interstitial oxygen.50 Significantly, all these binding energy
values of V and O are comparably higher than their standard
form, probably due to the loading of Co2+, leading to the
generation of an electronegativity difference, and thus, electron
density around TiVO4 decreases and the binding energy
increases.51,52

Moreover, Co2+ 2p states show an insignificant signal in its
core-level spectrum analysis, as shown in Figure 5d. Because of
the dilution effect, a weak and poorly resolved binding energy
peak is observed at 783.29 eV, attributed to the Co2+ 2p3/2
state.53 However, Co2+ loading cannot be ensured while
analyzing its spin−orbit spectrum, although the shifted binding
energies of all other elemental oxidation states may indicate
successful doping of Co2+ in TiVO4. Notably, the binding
energies of Sn 3d3/2 and Sn 5d5/2 were assigned at 494.2 eV,
and 485.8 eV was not shifted from their standard form due to
Co2+ doping, representing the Sn4+ state originating from the
FTO glass.54 Hence, through XPS analysis, effective loading of
Co2+ in TiVO4 on FTO glass has been observed, and a
moderate displacement of Ti and V metal binding energies
indirectly supports this claim, while doping does not affect the
substrate, FTO glass.

PEC Analysis of TiVO4/Co Thin Films. To understand the
difference in PEC activities of various concentrations of Co
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loaded on TiVO4 electrodes, linear sweep voltammetry (LSV)
was performed at a scan rate of 1 mV/s, and the results are
recorded under light and chopped conditions in Figure 6a,6b,
respectively. LSV plots revealed photocurrent (μA) vs
potential (vs Ag/AgCl) trends of the untreated TiVO4
photoanode, which exhibited a photocurrent density of 80
μA/cm2 at 1.23 V vs RHE. Upon loading Co particles with
concentrations of 1, 2, and 3 mM, gradual improvements in the
photocurrent density reaching 120, 281, and 450 μA/cm2,
respectively, were observed at 1.23 V vs RHE. This is due to
the promotion of light absorption and increase of the active
sites of the photocatalyst’s surface, as shown in absorption
spectra.55 However, for the loading of a higher concentration
of Co solution of 4 mM, a remarkable decrease in the
photocurrent density value of 156 μA/cm2 was observed.18,56

The observed decrease in photocurrent density can be
attributed to the higher loading effect of Co particles on the
surface of the film, which leads to an inner filter effect. This
effect blocks the active sites and reduces the interface between
the photoanode and electrolyte, resulting in fast bulk
recombination.

A comparative table of the impacts of the co-catalyst on the
PEC performance of various photocatalysts is presented in
Table 1. Based on our understanding of the loading effect of
the co-catalyst on PEC performance, a Co concentration of 3
mM was determined to be the optimal concentration. At this
concentration, the Co loading exhibited the maximum

photocurrent, more than 5 times higher than that of bare
TiVO4 and other composite electrodes. Therefore, further
analyses were conducted to explore the exceptional perform-
ance observed at this concentration.

EIS Analysis. EIS is a robust measurement for investigating
the interfacial properties of the interface between electrodes
and electrolytes and is employed in most energy applications.59

Figure 7a displays the fitting and experimental Nyquist plots of
bare TiVO4 and Co loaded onto TiVO4 films under 1 SUN
illumination (100 mW/cm2). Both are similar, consisting of
semicircles with an overlap between fitting and experiment
plots.60 To compare the resistances values of the two
photoanodes, the same equivalent circuit (R1 + R2/C2 + R3/
C3) was used, as shown in Figure 7b. TiVO4/Co (3 mM) has a
smaller semi-circular radius, producing the highest photo-
catalytic performance. The values of R1 and R2 for TiVO4/Co
(3 mM) are 11.54 and 854.3 Ω, respectively, which are lower
than were found for bare TiVO4 (R1 = 12.41 Ω, R2 = 1983 Ω),
indicating to a significant reduction of transfer charge
resistance, better charge transport at the electrode/electrolyte
interface, and faster surface reaction kinetics, caused by the Co
NPs.61

To further investigate the enhancements in prepared
TiVO4/Co (3 mM), a Mott−Schottky plot was obtained to
determine the space charge capacitance and flat band potential
(Vb), as depicted in Figure 7c. Previous research estimated the
flat band potential of bare TiVO4 film to be −0.26 V vs Ag/

Figure 6. LSV plots of current density versus potential, referenced to Ag/AgCl, were obtained for TiVO4/Co films under two different conditions
such as (a) continuous light illumination and (b) illumination with intermittent chopping, both conducted at an intensity of 100 mW/cm2, in a 1 M
NaOH electrolyte with a pH of 13.6.

Table 1. Comparative Study of the Co NPs-Loaded TiVO4 Photoanode with the Latest Co-catalysts-Developed Thin Films for
PEC Activity

serial
no. sample

particles
deposition
technique

photocurrent of the photocatalyst before depositing the
co-catalyst (mA/cm2) (at1.23 V vs RHE)

photocurrent of the photocatalyst after depositing the
co-catalyst (mA/cm2) (at 1.23 V vs RHE) refs

1 Ag−
LaFeO3

spin coating 0.0180 0.0380 18

2 Ni−
LaFeO3

spin coating 0.0180 0.040 19

3 Co−
BiVO4

electrochemical
synthesis

0.313 0.460 57

4 Ag−
ZnFe2-
O4

chemical water
bath

0.100 0.240 58

5 Co−
TiVO4

wet impregnation 0.080 0.450 this
study
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AgCl, while that of TiVO4/Co (3 mM) was determined to be
−0.30 V vs Ag/AgCl. This negative shift in the flat band
potential indicates the formation of a small barrier in TiVO4/
Co (3 mM) heterostructures, which is consistent with
observations from SEM images. Interestingly, the Co catalyst
acts as an electron reservoir on the surface of the photocatalyst
by establishing an inherent barrier layer that prevents direct
electron transfer from the TiVO4 conduction band to the
electrolyte, thereby suppressing charge recombination at the
interface. However, a higher loading amount of Co particles
can allow them to act as recombination centers, leading to
agglomeration and formation of a thicker barrier layer,
hindering charge transfer, and resulting in a lower photo-
current density, as observed in SEM images.

The carrier density of the prepared TiVO4/Co was
calculated to be 9 × 1020 cm−3, which is higher than that of
bare TiVO4 (7.7 × 1020 cm−3). This higher carrier density
suggests accelerated charge transfer, thus improving the PEC
performance. Figure 7d demonstrates the stability of TiVO4/
Co (3 mM) under 3 h of illumination at a fixed applied bias
potential of 1.23 V vs RHE. The TiVO4/Co (3 mM) film
exhibits significantly longer stability than the bare film, which is
approximately twice as long. However, during the initial 20
min under illumination, a minor and insignificant decrease in
PEC efficiency is observed.

Photocatalytic Analysis of TiVO4/Co Thin Films. The
photocatalytic activity of metal oxide semiconductors is

influenced by several factors, including surface area, which is
inversely proportional to size and directly related to the band
gap energy of the semiconductor, surface morphology
(specifically surface roughness), defect concentration, dopant
content, and electrochemical properties.62 In this study, the
TiVO4/Co (3 mM) film exhibited the highest photocurrent,
making it the chosen candidate for testing its effectiveness in
degrading dyes through photocatalysis.

The high efficiency of any photocatalytic dye degradation
system is governed by sufficient light harvesting, photo-
generated charge carriers, and charge transfer, which are
relatively slow in some photocatalysts. For this purpose, we
used MB as the model reaction due to its chemical stability and
contamination of wastewater. Herein, co-catalysts of bare and
modified films were investigated for their photocatalytic
activity on removing 10 mg/L MB by degradation under
illumination. Figure 8a,b displays the kinetics of the dye
degradation of MB using TiVO4 and TiVO4/Co (3 mM) as
catalysts, respectively. The spectra indicate that the presence of
the Co particles significantly enhanced the decrease of
maximum absorbance intensity recorded at 665 nm of MB
bands with a tested time faster than was observed in the TiVO4
film until it degraded completely after 45 min. The inserted
images display MB dyes in their pure blue color before and
after being illuminated, as well as their appearance after being
exposed to light for 45 min. The reduction in MB degradation
was 97% for the bare system and 60% for the Co-loaded bare

Figure 7. (a) Nyquist plots, (b) corresponding equivalent circuit, (c) Mott−Schottky plots and (d) photocurrent stability plots of prepared TiVO4
and TiVO4/Co (3 mM) thin films.
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system, as shown in Figure 8c. Figure 8d illustrates the
comparable rates of photodegradation for TiVO4/Co in
comparison to that of bare TiVO4 photocathodes. The results
indicate that TiVO4/Co exhibits a significantly faster and
steeper degradation rate throughout the illumination period
when compared to bare TiVO4. The disparity in performance
between the two cases can be attributed to the presence of Co.
The inclusion of Co2+ on the surface facilitates the rapid
degradation of MB by enhancing charge separation and
transfer at the interface, as indicated by the EIS plots. In

contrast, MB degradation is slowed in TiVO4 due to the quick
recombination of charges. Figure 8e demonstrates linear
regressions of pseudo-first-order kinetics for different photo-
catalysis systems. The calculated reaction rate constants
increased from 0.019 to 0.044 min−1 after loading Co NPs
onto the bare surface. This suggests that Co2+ can generate
additional free radicals such as OH•, resulting in an overall
improvement in photocatalytic activation.

Figure 8f illustrates the photocatalytic activity mechanism of
Co-loaded TiVO4. Despite their similar band gap energies

Figure 8. Absorption spectra of MB measured after exposure to light for varying durations using (a) TiVO4 and (b) TiVO4/Co (3 mM),
respectively, (c) percentage degradation of MB calculated for TiVO4 and TiVO4/Co (3 mM), (d) corresponding plot of comparative
photocatalytic MB degradation rate, (e) pseudo-first-order kinetic linear plot for prepared TiVO4 and TiVO4/Co (3 mM), and (f) schematic
representation of the photocatalytic mechanism under visible light irradiation.
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(2.18−2.15 eV), TiVO4/Co exhibits slightly more negative
conduction band (CB) potentials than TiVO4. By loading Co
particles onto the surface of the photocatalyst, excited
electrons are transferred from the TiVO4 conduction band to
the Co particles on the surface. This transfer prevents
recombination within the bulk film. Conversely, photo-
generated holes in the valence band remain on the photo-
catalyst. Consequently, the accumulated electrons on the Co
particles participate in reduction reactions, while the holes
diffuse to the photocatalyst’s surface and contribute to
oxidation reactions, driving overall water splitting reactions.
In the dye degradation system, the photo-generated holes react
with water molecules to form hydroxyl radicals (OH•), which
react with dye molecules, generating carbon-centered radicals.
These radicals efficiently convert to CO2 upon interacting with
oxygen molecules. Furthermore, the accumulated electrons on
the Co particles produce superoxide radicals (O2

−), which also
react with oxygen molecules, generating more reactive oxygen
species and facilitating the degradation of MB dye molecules.
Notably, during our stability testing, the prepared film
exhibited reduced photocatalytic efficiency over 3 h, primarily
due to light effects. This decrease in efficiency can be
attributed to the limitations of the deposition technique
employed. While the spray pyrolysis method effectively
produces satisfactory films, it falls short in terms of long-
term stability.

■ CONCLUSIONS
Introducing Co NPs into TiVO4 photoanodes resulted in
enhanced performance and absorption spectra, which
depended on the quantity of Co utilized. Incorporating Co2+

ions in the solution further improved the TiVO4 photoanode
by reducing recombination rates and facilitating electron
transfers. The concentration of Co loading had a noteworthy
impact on the performance of the photocatalysts, with the
highest performance observed at a Co loading of 3 mM. The
addition of TiVO4/Co also slightly decreased the band gap of
the bare film, as indicated by a negative shift in the potential
scan rate on the Mott−Schottky plot. The improved PEC
activity of the TiVO4 photoanode with Co (3 mM)
incorporation was attributed to the abundance of oxygen
vacancies and improved alignment of primary TiVO4 particles.
However, beyond the optimal loading amount of 4 mM, the
photocurrent density decreased significantly due to cobalt
agglomeration and accelerated recombination of charge
carriers. Furthermore, the cost-effective and straightforward
method of incorporating co-catalyst NPs provided strong
evidence supporting the application of photoanodes, making
them a promising choice for other photocatalysts. Compared
to more durable deposition methods such as physical vapor
deposition (PVD) and electrodeposition, the current film
deposition technique necessitates further modifications,
particularly when considering long-term applications. Hence,
our future goal is to utilize PVD techniques to develop thin
films that offer improved reusability and long-term stability for
photoelectrodes. The use of physical deposition techniques
requires additional modifications to ensure prolonged usage.
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