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Abstract: Individual (FTO/Cu2O and FTO/CuCo2O4) and heterostructured (FTO/BiVO4/Cu2O,
FTO/BiVO4/CuCo2O4, and FTO/CuCo2O4/Cu2O) electrodes were successfully formed using the
electrodeposition method on copper-containing compounds. The morphology of the synthesized
electrode systems, which affect the electrochemical properties, was determined. A comparative study
of the electrochemical and photoelectrochemical properties of the individual and heterostructured
electrodes showed that the modification of the BiVO4 electrode surface with Cu2O and CuCo2O4

oxides led to a significant increase in its efficiency as a photoanode. The deposition of Cu2O nan-
oclusters onto CuCo2O4 nanoflakes increased the electrochemical stability of the electrode while
maintaining its high capacitance.

Keywords: electrodeposition; nanostructures; surface modification; electrochemistry; BiVO4; Cu2O;
CuCo2O4

1. Introduction

Heterostructured electrode materials are becoming an increasingly promising per-
spective in the development of technologies for energy production and storage [1–6]. The
combination of individual semiconductor materials leads not only to the improvement
of their functional properties but also to the creation of completely new active materials
with unique properties due to the effective charge carrier separation at the heterojunction
interface. As a result, it is possible to increase the efficiency and selectivity of the het-
erostructured materials in various electrochemical, catalytic, and photocatalytic processes,
improve their chemical stability, and change their optical properties. It is wise to mention
that an important criterion in the development of such materials is their low cost, simplicity,
and the high reproducibility of the preparation method.

The formation of heterostructured materials results in the formation of the inter-
faces [7], where contact resistance arises, depending on the nature of the interaction between
the component compounds, and is determined by the synthesis route of the layer formation.
There are many different methods of synthesis and formation of heterostructured electrode
systems possessing their advantages and disadvantages [8,9]. In the case of a component
layer deposition from a suspension, the contact area of the two phases is limited by the
particle size, while the coating formation via sol-gel technology promotes the formation
of a uniform coating. Electrodeposition produces a dense micro-architectured film [7,10].
Changes in electrolyte composition (pH, concentration, and precursor) and/or electrodepo-
sition parameters (temperature, potential, etc.) allow varying the surface morphology, film
density, and thickness, influencing the size and crystallographic orientation of crystallites,
as well as the composition of the film [11–13].

In the present studies, bismuth vanadate (BiVO4), copper (I) oxide (Cu2O), and cop-
per (II) cobaltate (CuCo2O4) were selected as components of heterostructured electrode
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systems. Due to the value of the band gap, Eg (2.4–2.5 eV), and the position of the valence
band and the conduction band, which provides a high oxidative potential at excitation by
visible light, bismuth vanadate is well established as an n-type semiconductor in various
heterostructured systems [14,15]. The copper-containing compounds are often used as
a heterostructure component providing a sufficient reduction potential for target reactions
such as (photo) electrochemical reduction of CO2 or production of H2. For example, copper
(I) oxide possesses a band gap Eg of ∼2.0 eV and a reduction potential position higher than
that of BiVO4 [16]. Copper (II) cobaltate (Eg 1.4–1.8 eV) has also recently been actively
studied for various applications, for example, as an electrocatalytic material or anode
material of lithium-ion batteries [17–19]. As previously reported [20], the copper cobaltate
synthesis method affects its physicochemical characteristics. Powdered copper cobaltate
obtained from the hydrothermal synthesis method has a relatively low conductivity, spe-
cific capacitance, and electrochemical stability, while the formation of heterostructured
CuCo2O4/CuO by sonochemistry using cetyltrimethylammonium bromide (CTAB) leads
to an improvement in these properties compared to pure copper cobaltate [21].

The purpose of this study was to form and characterize single- and two-component
electrode systems based on BiVO4, Cu2O, and CuCo2O4 by electrochemical deposition of
copper-containing compounds, as well as a comparative study of their electrochemical and
photoelectrochemical behavior.

2. Materials and Methods

Electrodes based on BiVO4 material were formed by drop-casting a solution of bismuth
vanadate precursors onto fluorine-doped tin oxide substrates (FTO glass, 25 mm × 25 mm
and a surface resistance of < 100 Ohm/cm) [22,23]. For preparation, the solution was
taken in a stoichiometric ratio of bismuth (III) nitrate pentahydrate Bi(NO)3·5H2O and
vanadyl acetylacetonate VO(C5H7O2)2, which was dissolved in a mixture of glacial acetic
acid and acetylacetone (20/1) with stirring for 1 h. Films were obtained by uniformly
distributing the solution (70–80 µL) onto the surface of pre-cleaned FTO conductive sub-
strates (2.5 × 2.5 cm2) at room temperature, followed by the solvent removal at 100 ◦C
within 30 min in the vacuum desiccator, and then further annealing at 450 ◦C for 3 h (the
heating/cooling rate was 60◦/h).

The preparation of Cu2O layers was carried out by electrodeposition on conductive
FTO substrates from an aqueous solution (pH 6.5), containing 0.1 M of sodium acetate
CH3COONa and 0.01 M of copper (II) acetate Cu(CH3COO)2 using a three-electrode
electrochemical cell with the potentiostatic mode (Elins-Pro potentiostat) at −0.245 V
relative to the potential of the Ag/AgCl reference electrode; a platinum plate was used
as a counter electrode [24–26]. After deposition, the prepared sample was washed with
distilled water, dried in air, and annealed in an oven at 300 ◦C for 20 min followed by rapid
cooling to room temperature.

CuCo2O4 films were prepared by electrodeposition onto FTO substrates from an aque-
ous solution containing 10 mM of cobalt nitrate Co(NO3)2 and 2.5 mM of copper (II) nitrate
Cu(NO3)2 in a three-electrode cell with a platinum plate as a counter electrode and the
Ag/AgCl reference electrode [27]. Electrodeposition was carried out in a potentiostatic
mode (Elins-Pro potentiostat) at −1.0 V relative to the potential of the Ag/AgCl electrode
at room temperature for various times (not longer than 8 min). After electrochemical
deposition, the CuCo2O4 layer was washed with distilled water, dried at room temperature,
and then annealed in the oven at 400 ◦C in an air atmosphere for 2 h (the heating/cooling
rate was 100◦/h).

The Cu2O and CuCo2O4 layers, as components of heterostructured electrodes FTO/
CuCo2O4/Cu2O, FTO/BiVO4/Cu2O, and FTO/BiVO4/CuCo2O4, were electrodeposited
onto the layers of the semiconductor materials (FTO/BiVO4 and FTO/CoCu2O4), formed
as described above.
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The phase composition of coatings was determined by X-ray diffraction on a Bruker
“D8 DISCOVER” high-resolution diffractometer (Germany) with CuKa radiation in the
angle range of 20◦ ≤ 2θ ≤ 80◦ and with a scanning speed of 5.0◦/min. The phase reference
data was taken from the ICDD database.

The surface morphology of the samples was studied using scanning electron mi-
croscopy (SEM) with a Zeiss Crossbeam 1540XB and Zeiss Merlin microscope with the
Oxford Instruments INCAx-act (Carl Zeiss, Oberkochen, Germany) setup for elemental
analysis by energy dispersion X-ray spectroscopy (EDX).

Electrochemical measurements were performed in a three-electrode electrochemical
cell using an Elins-50 Pro potentiostat. The platinum plate and Ag/AgCl electrode were
used as counter and reference electrodes, respectively, and a 0.2 M aqueous solution of
potassium sulfate K2SO4 (pH 6.98) was used as the electrolyte. During cyclic voltammetry
(CV) measurements, the scan rate was 15 mV/s. The scan rate-dependent voltammetric
currents for CuCo2O4-containing electrodes were recorded at potential scan rates ranging
from 5 to 110 mV/s. The galvanostatic charge-discharge measurements (GCD) were tested
within the potential window of −0.4 to 0.4 V at the current densities ranging from 1 to
9 A/g. The long-term stability of the CuCo2O4-containing electrodes was carried out by
GCD measurements for 500 cycles at the current density, matched with the highest value of
the specific capacitance of electrodes. The Mott-Schottky dependencies were registered at
10 and 100 Hz (amplitude was 10 mV).

In photoelectrochemical studies, the irradiation of the electrodes was carried out using
a 300-W Xenon Lamp (Oriel Instruments), the light irradiance was 100 mW/cm2.

3. Results and Discussion
3.1. Characterization

The formation of copper-containing layers was monitored by the time evolution of
the current density (j) in the cathodic deposition process. The kinetic dependences of the
current density during the deposition of Cu2O and CuCo2O4, both on pure conductive
substrates and substrates with deposited electrode layers of BiVO4 and CuCo2O4, are
presented in Figure 1. As evident from the presented data, the current density values at the
initial and stationary stages were different for different samples.

The morphology of the electrodepositing layers was studied using scanning electron
microscopy (SEM). The surface images of the electrodes were taken after 50, 100, and 400 s
of the electrodeposition process (Figure 2).

It is known [24,28,29] that the process of the electrochemical formation of copper (I)
oxide can be presented as a two-step process, including the stages of the reduction of Cu2+

ions to Cu+ ions and the deposition of Cu+ from an aqueous solution in the form of Cu2O:

Cu2+ + e → Cu+

2Cu+ + H2O → Cu2O + 2H+

or as a one-step process directly reducing Cu2+ ions to Cu2O involving two electrons:

2Cu2+ + H2O + 2e → Cu2O + 2H+.

A certain electrochemical reaction pathway depends on factors such as the applied
potential, the source of the copper (II) ion, the pH and temperature of the solution, and
the type of substrate [24,30–32]. The stabilization of the copper ions in the oxidation state
(I) at the potentiostatic deposition mode (the applied potential was −0.245 V, relative to
the reference electrode) was carried out by maintaining the acidity of the solution at a pH
of 6.5 and a temperature of 65 ◦C [25,26]. During the electrocrystallization of Cu2O, the
dependence of current density on time had similar characteristics for the processes of
deposition of the material onto both the FTO substrate and substrates with BiVO4 and
CuCo2O4 coatings. Namely, a slight increase in the current density at the initial moment
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and a gradual decay of the current density by approximately 0.4 mA/cm2 (indicating the
increase in resistance) with an increased time of deposition was observed (Figure 1).
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Figure 1. Dependences of current density on electrodeposition time for individual electrodes
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FTO/BiVO4/CuCo2O4 (4), and FTO/BiVO4/Cu2O (5). Red dotted lines indicate process times for
monitoring electrode layer formation by SEM (see Figure 2).
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Figure 2. SEM images of the surface of the studied electrodes: FTO/Cu2O (a), FTO/CuCo2O4/Cu2O
(b), FTO/BiVO4/Cu2O (c), FTO/CuCo2O4 (d), and FTO/BiVO4/CuCo2O4 (e) after electrodeposition
for 50 s, 100 s, and 400 s.

The Cu2O formation process depended on the type of substrate, as demonstrated
by microscopic images of the surface of the FTO/Cu2O, FTO/CuCo2O4/Cu2O, and
FTO/BiVO4/Cu2O samples during deposition (Figure 2a–c). On the smooth surface of
FTO glasses, at the initial step of the deposition, individual nuclei appeared that were
200–300 nm in size. In further time evolution, these nuclei appeared on the entire surface,
and, after that, the agglomerates of particles with a size larger than 1 µm were formed.

A similar scenario was observed during the formation of the Cu2O phase on the
BiVO4 dense layer with a thickness of about 400–450 nm (Figure 2c). However, in this
case, the copper (I) oxide nuclei of noticeably smaller sizes (10–20 nm) grew into agglom-
erates of particles up to 1 µm, without forming a uniform layer of Cu2O on the bismuth
vanadate surface.

The synthesis of CuCo2O4 occurs through the formation of bimetallic (Cu, Co) hydrox-
ide on the substrate surface due to the interaction of Cu2+ and Co2+ ions from a solution,
with hydroxide ions formed during the reduction of NO3

− ions on the cathode [27,33]:

NO3
− + 7H2O + 8e → NH4

+ + 10OH−
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xCu2+ + 2xCo2+ + 6xOH− → CuxCo2x(OH)6x.

The resulting hydroxide is converted to CuCo2O4 by annealing at 400◦C in an air
atmosphere:

CuxCo2x(OH)6x + 1/2xO2 → xCuCo2O4 + 3xH2

The electrocrystallization process of the CuCo2O4 pre-phase was characterized by
an increased current density within the first 50 s (Figure 1), corresponding to the for-
mation of CuxCo2x(OH)6x. In the SEM images of the material surface, the formation of
nanoflakes (Figure 2d) was observed. A similar characteristic form of the CuCo2O4 film has
been demonstrated elsewhere [27]. With an increased deposition time of up to 100–200 s,
the process was characterized by a small change in the current density. According to
microphotographs, a uniform layer of the CuCo2O4 nanoflakes was formed.

The formation of a CuxCo2x(OH)6x phase on the BiVO4 layer was accompanied by the
formation of electrodeposition centers that led to sharp decay of the current density for the
first 10 s (Figure 2e). The further co-deposition of Cu2+ and Co2+ ions occurred at the stable
stationary value of the current density and resulted in the formation of a uniform layer of
material with a developed surface morphology in the form of nanoflakes (Figures 1 and 2e).

On the surface of the CuCo2O4, with the developed morphology represented by
a network of nanoflakes (Figure 2d), copper (I) oxide already covered the substrate with
a uniform layer at short electrodeposition times (Figure 2b). This corresponded to the
plateau of the current density curve (Figure 1). Further electrodeposition of copper (I) oxide
led to the formation of agglomerates. Under the selected electrodeposition and annealing
conditions, a dense electrode layer of Cu2O with a thickness of about 1 µm was formed.

Thus, the developed surfaces of BiVO4 and CuCo2O4 layers had a larger number
of crystallization centers compared to the smooth surface of the FTO substrate, which
accelerated the process of the formation of the Cu2O layer. The current stabilization time
during the Cu2O electrodeposition process was approximately two times shorter in the
case of deposition on the sub-layers of BiVO4 and CuCo2O4 than on the FTO substrate
(Figure 1).

The phase composition of the formed electrodes was determined by XRD (Figure 3).
The phase of the electrodes FTO/Cu2O and FTO/BiVO4/Cu2O corresponded to the in-
dividual Cu2O phase (card No. 01-071-3645, ICDD), and the monoclinic phase of BiVO4
(clinobisvanite, card No. 01-072-1465, ICDD) (Figure 3a).

The phase analysis of CuCo2O4 was difficult since the relative intensities of mixed
oxide diffraction lines with face-centered cubic structures matched well with the diffraction
pattern for cobalt spinel Co3O4. For CuCo2O4, diffraction peaks were observed at 31.09◦,
36.64◦, 44.55◦, 59.00◦ and 64.83◦ (Figure 3b), which agrees well with the 2θ values for
the (220), (311), (400), (511) and (440) planes, respectively, for cobalt spinel Co3O4 [34].
However, the cell parameter, a = 8.1289 Å, obtained for our sample was in good agreement
with the values 8.133 Å and 8.12 Å, defined for Cu0.95Co2.05O4 [34] and CuCo2O4 [35],
respectively, and sufficiently larger than the value of 8.09 Å, determined for Co3O4 [35].
At the same time, the analysis of the elemental composition by energy dispersion X-ray
spectroscopy (EDX) showed the presence of copper and cobalt in the molar ratio of Cu:Co
at ~1:2 (Figure S1, and Tables S1 and S2), which exactly corresponded to the composition of
the copper cobaltate, CuCo2O4.

The presence of diffraction peaks belonging to the CuCo2O4 phase in the X-ray
diffraction patterns of the FTO/BiVO4/CuCo2O4 (Figure 3b) and FTO/CuCo2O4/Cu2O
(Figure 3c) electrodes confirmed the formation of this phase in heterostructured electrodes.
The phase composition revealed small amounts of the secondary phases, CuBi2O4 and
CuV2O5, observed for the FTO/BiVO4/CuCo2O4 electrode after annealing, which was
formed due to the interaction of bismuth vanadate and copper (II) ions at the interface.
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072-1465), and CoCo2O4 phases (in green, card No. 00-080-1535), according to the ICDD database.
Secondary phases CuBi2O4 and CuV2O5 are indicated by an asterisk (*) and a lattice (#), respectively.

3.2. Electrophysical and Electrochemical Properties

The type of conductivity in the synthesized samples was determined from Mott–
Schottky plots (Figure 4). The dependencies for FTO/Cu2O (a) and FTO/CuCo2O4 (b) elec-
trodes showed negative slopes, demonstrating the p-type conductivity of semiconductors.
The positive slope for the FTO/BiVO4 (c) electrode corresponded to the n-type of conduc-
tivity of this semiconductor.

The Mott–Schottky plots of the heterostructured electrodes FTO/BiVO4/Cu2O (d)
and FTO/CuCo2O4/Cu2O (f) demonstrated both positive and negative slopes at different
potential ranges, which suggested a switching between the n-type and p-type conductivity
of materials.

The Mott–Schottky plot of FTO/BiVO4/CuCo2O4 (Figure 4f) showed the presence of
several positive and negative slopes which could be due to the presence of additional phases
in the heterostructured system that matched well with the results of the XRD analysis,
demonstrating the formation of the secondary phases CuBi2O4 and CuV2O5 (Figure 3a).
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Figure 4. Mott–Schottky plots of electrodes: FTO/Cu2O (a), FTO/CuCo2O4 (b), FTO/BiVO4 (c),
FTO/BiVO4/Cu2O (d), FTO/CuCo2O4/Cu2O (e), FTO/BiVO4/CuCo2O4 (f).

The Mott–Schottky plots also allow the determination of the flat band potentials, Efb,
by extrapolation of the slope to the x-axis. The corresponding Efb values for the electrodes
are presented in Table 1.

Figure 5 shows the cyclic current-voltage plots for all electrodes studied. The values
of the onset potential on the anode branch of the plots are presented in Table 1.
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Table 1. Values of flat band potential (Efb vs. E(NHE)), the onset potential (Eonset vs. E(Ag/AgCl)),
band gap (Eg), and maximum (jmax) and stationary-state (jst) photocurrents for all studied materials.

Electrode Efb, V Eonset, V Eg, eV jmax, µA/cm2 jst, µA/cm2

FTO/BiVO4 −0.08 0.19 2.6 1.83 0.34
FTO/Cu2O 0.56 −0.08 2.4 −0.40 −0.04

FTO/CuCo2O4 0.76 −0.34 1.2 0.01 −0.03
FTO/BiVO4/Cu2O 0.63 −0.14 3.68 2.40

FTO/BiVO4/CuCo2O4 0.77 −0.10 4.15 0.26
FTO/CuCo2O4/Cu2O 0.72 −0.38 −0.09 −0.04

Coatings 2024, 14, x FOR PEER REVIEW  10  of  15 
 

 

Electrode  Efb, V  Eonset, V  Еg, eV  jmax, А/сm2  jst, А/сm2 

FTO/BiVO4  −0.08  0.19  2.6  1.83  0.34 

FTO/Cu2O  0.56  −0.08  2.4  −0.40  −0.04 

FTO/CuCo2O4  0.76  −0.34  1.2  0.01  −0.03 

FTO/BiVO4/Cu2O  0.63  −0.14    3.68  2.40 

FTO/BiVO4/CuCo2O4  0.77  −0.10    4.15  0.26 

FTO/CuCo2O4/Cu2O  0.72  −0.38    −0.09  −0.04 

Figure 5 shows the cyclic current‐voltage plots for all electrodes studied. The values 

of the onset potential on the anode branch of the plots are presented in Table 1. 

 
(a)  (b) 

 
(c)  (d) 

Figure  5. CV  curves of  individual  and heterostructured  electrodes: FTO/Cu2O, FTO/BiVO4,  and 

FTO/BiVO4/Cu2O (a), FTO/CuCo2O4, FTO/BiVO4, and FTO/BiVO4/CuCo2O4 (b) at a scan rate of 15 

mV/s; FTO/CuCo2O4 (c) and FTO/CuCo2O4/Cu2O (d) at a scan rate ranging from 5 to 100 mV/s. 

A characteristic hysteresis was observed on the forward and reverse branches of the 

current‐voltage plot for all Cu2O‐containing electrodes, which was attributed to the oc‐

currence of redox reactions involving Cu+ and Cu2+. In the potential range from −0.4 to 0.4 

V for the Cu2O electrode, one anodic peak was observed at 0.03 V and one cathodic peak 

at −0.15 V, vs. the Ag/AgCl electrode potential, which corresponded to the oxidation of 

Cu2O  and  the  reduction  of CuO,  respectively.  Similar  features were  observed  for  the 

Cu2O electrode elsewhere [30,36–38]. In the case of the deposition of Cu2O on BiVO4, in 

the form of micro‐clusters (Figure 2c), the CV‐curve for the FTO/BiVO4/Cu2O electrode 

(Figure 5a) demonstrated an additional anodic peak at 0.16 V, which could be attributed 

to the dissolution process of Cu2O according to the reaction: 

-400 -200 0 200 400
-0.2

-0.1

0.0

0.1

0.2

 

  FTO/Cu2O

  FTO/BiVO4
  FTO/BiVO4/Cu2O

E, mV (vs. E(Ag/AgCl))

I,
 m

A

-400 -200 0 200 400

-2

-1

0

1

E, mV (vs. E(Ag/AgCl))

 

 

  FTO/CuCo2O4
  FTO/BiVO4
  FTO/BiVO4/CuCo2O4

I,
 m

A

-0.4 -0.2 0.0 0.2 0.4
-0.005

-0.004

-0.003

-0.002

-0.001

0.000

0.001

0.002

0.003

E, V (vs. E(Ag/AgCl))

 5 mV/s
 10 mV/s
 20 mV/s
 40 mV/s
 60 mV/s
 80 mV/s
 100 mV/s

FTO/CuCo2O4

I,
 A

 

-0.4 -0.2 0.0 0.2 0.4

-0.001

0.000

0.001

0.002

I,
 A

  5 mV/s
 10 mV/s
 20 mV/s
 40 mV/s
 60 mV/s
 80 mV/s
 100 mV/s

FTO/CuCo2O4/Cu2O

E, V (vs. E(Ag/AgCl))

Figure 5. CV curves of individual and heterostructured electrodes: FTO/Cu2O, FTO/BiVO4, and
FTO/BiVO4/Cu2O (a), FTO/CuCo2O4, FTO/BiVO4, and FTO/BiVO4/CuCo2O4 (b) at a scan rate of
15 mV/s; FTO/CuCo2O4 (c) and FTO/CuCo2O4/Cu2O (d) at a scan rate ranging from 5 to 100 mV/s.

A characteristic hysteresis was observed on the forward and reverse branches of the
current-voltage plot for all Cu2O-containing electrodes, which was attributed to the occur-
rence of redox reactions involving Cu+ and Cu2+. In the potential range from −0.4 to 0.4 V
for the Cu2O electrode, one anodic peak was observed at 0.03 V and one cathodic peak
at −0.15 V, vs. the Ag/AgCl electrode potential, which corresponded to the oxidation
of Cu2O and the reduction of CuO, respectively. Similar features were observed for the
Cu2O electrode elsewhere [30,36–38]. In the case of the deposition of Cu2O on BiVO4, in
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the form of micro-clusters (Figure 2c), the CV-curve for the FTO/BiVO4/Cu2O electrode
(Figure 5a) demonstrated an additional anodic peak at 0.16 V, which could be attributed to
the dissolution process of Cu2O according to the reaction:

Cu2O + H2O → 2Cu2+ + 2e + 2OH−.

Typically, this process occurs at potentials above 0.4 V for individual oxide elec-
trodes [36].

As mentioned in the Introduction section, CuCo2O4-based electrodes can potentially be
used in energy storage electrochemical systems. The FTO/CuCo2O4 and FTO/CuCo2O4/
Cu2O electrodes were characterized by CV measurements at a scan rate ranging from
5 to 100 mV/s to estimate the capacity of the electrodes. The CV plots (Figure 5c,d), in the
range of −0.4 V to 0.4 V, demonstrated a significant hysteresis, which indicated a high
capacity of the materials [39], with two insignificant peaks at −0.02 V and 0.20 V due to
Red-Ox reactions involving copper ion pairs Cu2+/Cu+ and cobalt ion pairs Co4+/Co3+ by
the “charge-discharge” processes, which are typical for battery electrodes:

CuCo2O4 + H2O + e ↔ 2CoOOH− + Cu(OH)+

2CoOOH− + OH− ↔ CoO2 + H2O + 2e

Cu(OH)+ + e ↔ Cu(OH)

The observed linear shifts of the characteristic Red-Ox peaks with increasing scan
rates indicated a diffusion-controlled behavior of the electrochemical processes [40]. In the
field of high negative potentials, the reduction of Cu+ or Cu2+ to Cu0 is also possible. At
a polarization up to −0.5 V, the spinel type (Co3O4) phase formation occurs on the surface
of CuCo2O4 [41]. Thus, despite the high capacitance, the electrode material of CuCo2O4 is
prone to degradation in accordance with previously published data [11,42,43].

The GCD dependencies obtained for the FTO/CuCo2O4 and FTO/CuCo2O4/Cu2O
electrodes (Figure S3) demonstrated a nonlinear character which is typical for battery-like
behavior [44]. The maximal gravimetric capacities estimated from GCD dependencies were
540.0 F/g at 2 A/g for FTO/CuCo2O4 and 476.5 F/g at 1 A/g for FTO/CuCo2O4/Cu2O
electrodes. These data are in good agreement with results reported elsewhere [33,39]. Thus,
Cu2O deposition on the surface of the FTO/CuCo2O4 electrode insignificantly decreased its
specific capacity. At the same time, the period of the charge-discharge process was shorter
for the FTO/CuCo2O4/Cu2O electrode.

The long-term stability of the CuCo2O4-based electrodes was verified by running
500 GCD cycles (Figure S4). The test results indicated that the specific capacity decayed to
40% in the first 100 cycles and then remained almost stable. It should be noted, that despite
the lower initial specific capacity value detected for the FTO/CuCo2O4/Cu2O electrode as
compared to that for the FTO/CuCo2O4 electrode, at the end time of the test, the values for
both electrodes were practically the same. This observation indicated a positive effect of
Cu2O deposition on the long-term stability of CuCo2O4-based electrodes.

The combination of copper cobaltate with bismuth vanadate (FTO/BiVO4/CuCo2O4)
significantly reduced the capacitive characteristics of the material and improved its electro-
chemical performance compared to FTO/BiVO4 (Figure 5b).

In addition, the photoelectrochemical properties of the obtained electrode systems
were tested. The chronoamperometric measurements were carried out in the electrochemi-
cal cell, without external bias, upon irradiation with the light of a xenon lamp (λ > 300 nm,
E < 4 eV), which corresponds to the photoexcitation of all components in the heterostruc-
tured systems in their intrinsic absorption spectral regions (see Figure S2). Figure 6 shows
the photocurrent evolution curves under irradiation. The peak and stationary-state pho-
tocurrent characteristics for all electrodes are shown in Table 1.
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An anodic photocurrent was observed for the FTO/BiVO4 electrode (Figure 6a,b),
which corresponded to the electronic nature of bismuth vanadate as an n-type semicon-
ductor according to the Mott–Schottky plot (Figure 4c). The Cu2O electrode demonstrated
a cathodic direction of photocurrent, but its photoresponse under the stationary-state condi-
tion reached only a few nA (Figure 6a,c). The same scenario was observed for the CuCo2O4
electrode, which was practically inactive under irradiation (Figure 6c). As noted above, the
CuCo2O4 electrode material possessed a high capacity and conductivity, which did not
result in a good photoresponse. The presence of Cu2O on the surface of CuCo2O4 did not
improve the photoactivity of the composite electrode.

The direction of the photocurrent for copper-containing electrodes demonstrated their
photocathodic properties under irradiation. However, it changed to an anodic regime when
copper-containing compounds were deposited on the surface of the bismuth vanadate sub-
strate. The magnitude of the photocurrent for such a modified electrode was significantly
higher than that for the individual BiVO4 electrode.



Coatings 2024, 14, 141 13 of 15

4. Conclusions

It was demonstrated that individual and heterostructured electrodes based on Cu2O
and CuCo2O4 could be successfully formed by the electrodeposition method. The optimal
time of the electrodeposition process was found to be 5 min. The Cu2O phase was deposed
on the bismuth vanadate layer in the form of separate nanoclusters. At the same time,
CuCo2O4 particles were spread evenly over the surface as nanoflakes. The CuCo2O4
electrode demonstrated a high specific capacity with 53% of the initial value retained after
500 cycles. The electrochemical deposition of Cu2O on its surface could potentially improve
the charge-discharge cycle time and long-term stability. It was also demonstrated that
the surface modification of the BiVO4 electrode by either Cu2O or CuCo2O4 resulted in
a significant increase in its efficiency as a photoanode.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/coatings14010141/s1: Figure S1: SEM images of FTO/CuCo2O4
surface; Figure S2: Tauc plots for Cu2O, CuCo2O4 и BiVO4; Figure S3: GCD curves of FTO/CuCo2O4
electrode and FTO/CuCo2O4/Cu2O, specific capacitance vs current density for FTO/CuCo2O4 and
FTO/CuCo2O4/Cu2O; Figure S4: The cyclic performance of electrodes at the current density corre-
sponding to maximum specific capacitance; Table S1: The EDX analysis data of the FTO/CuCo2O4
surface in Figure S1(a); Table S2: The EDX analysis data of the FTO/CuCo2O4 surface in Figure S1(b).
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