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Abstract: In this study, nanostructured copper oxide-based films with crystallite size
below 10 nm were electrochemically synthesized on copper foil and foam electrodes and
investigated for their supercapacitive behaviour. The synthesis was carried out via cyclic
voltammetry (CV) for up to 1000 cycles in an alkaline electrolyte. By tuning the upper
vertex potential (−0.3 V to 0.65 V vs. Ag/AgCl), both phase composition (Cu2O, Cu(OH)2,
CuO) and morphology (grains, nanoneedles, nanoplatelets) were precisely controlled,
demonstrating the versatility of this approach. The kinetics of oxide/hydroxide film
formation on foil and foam electrodes were analysed based on EIS data that were interpreted
in the frame of equivalent electric circuits and their changes with potential. The capacitive
properties of the synthesized films were evaluated using CV in the potential range of
0 V–0.65 V, and the optimized CuO film synthesized on Cu foam exhibited a high specific
capacitance of 1380 mF cm−2. An energy density of 0.061 mWh cm−2 and power density
of 1.28 mW cm−2 were obtained at 10 mA cm−2 discharge current. Charge–discharge
cycling at 100 mV s−1 for 1000 cycles indicated an initial capacitance increase followed by
stable retention, highlighting the structural integrity and electrochemical stability of the
films obtained on 3D foam. These findings provide valuable insights into the controlled
electrochemical synthesis of copper oxide nanostructures and their potential for high-
performance capacitor applications.

Keywords: copper oxides; electrochemical synthesis; 3D nanostructures; electrochemical
impedance spectroscopy; specific capacitance

1. Introduction
The renewable energy sector is expanding quickly, as demonstrated by the European

Union’s Green Deal. This initiative aims to make the EU the first climate-neutral region
in the world by 2050 [1]. While renewable energy presents numerous advantages, it also
faces challenges, mainly due to the non-continuous nature of energy production. This
situation stresses the need for more cost-effective energy storage solutions and devices
with high capacitance. These materials/devices are becoming increasingly important to
meet the rising global demand for efficient energy storage systems that could provide
rapid charge and discharge cycles. Many materials have been researched, but most are not
readily available or their manufacturing process is complicated [2]. Copper compounds,
on the other hand, can offer sustainable and innovative solutions. Copper is a relatively
abundant and cheap metal, and its compounds can be applied to various devices. Thus,
copper hydroxide, which has a high specific capacitance, was investigated earlier for
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supercapacitor applications [3]. In addition, cupric oxide (CuO) and cuprous oxide (Cu2O)
have been the subjects of extensive research, and have emerged as crucial materials in
various technological applications due to their remarkable combination of low cost, high
chemical stability, and outstanding electrochemical performance [4]. These properties make
them particularly appealing in critical areas such as catalysis, photovoltaics, and energy
storage. In the context of energy storage, copper oxides are gaining significant attention
for their impressive capacitance and responsive electrochemical characteristics, which are
essential for developing high-energy supercapacitors [5–7], and the theoretical capacitance
of oxides can reach high values: Cu2O—2247.6 F/g [8], CuO—1783 F/g [9].

There is vast published research exploring the latest advancements in the design
and application of copper oxide-based nanosystems [10] tailored to enhance electrode
materials for next-generation supercapacitors. Thus, different fabrication methodologies
were employed to boost the electrode’s capacity, including chemical synthesis [11–13],
electrostatic coprecipitation [14], hydrothermal synthesis [15], magnetron sputtering [16],
ultrasound-assisted fabrication [17], and thermal oxidation, among others [18]. Moreover,
choosing the fabrication technique for preparing the electrodes is crucial in developing a
material with a high surface area [19]. From this perspective, electrochemical synthesis
is an efficient technique that can produce efficient copper oxide-based capacitors [20].
Furthermore, by adjusting the voltage/current, temperature, deposition or cycle duration,
solution concentration, and pH level, several factors—including the films’ crystallographic
orientation, thickness, and surface morphology—can be controlled [5,6].

Bulk copper oxides exhibit scarce electrical conductivity and have a limited sur-
face area to be employed as commercial energy storage electrodes. Therefore, nanos-
tructured copper oxides have been regarded as offering an easy pathway for electrolyte
ion penetration. Different nanostructured morphologies have been proposed, including
nanosheets [11,13], nanoparticles [14], nanoflowers [21,22], and nanowires [18,23], which
enhance the surface area for ion access from the electrolyte. Furthermore, commercially
available or designed three-dimensional (3D) electrodes, including foams, aerogels, and
hydrogels, have been widely studied for electrochemical energy storage applications due
to their extensive specific surface areas and outstanding electrochemical properties. Porous
electrodes possess substantial pore volumes to hold a greater quantity of active ions [23].

Despite the wealth of research documented in the literature, there remains a significant
gap in our understanding of how to effectively adapt innovative electrochemical designs to
yield desirable materials. To address this challenge, our study delves into the controlled
synthesis of copper oxide-based films, which are grown on copper foil and foam electrodes.
This research aims to explore the most effective scenarios for creating highly nanostructured
supercapacitors through a systematic bottom-up approach. Utilizing the cyclic voltammetry
and tuned upper vertex potential, we aim to comprehend the electrochemical dynamics
at play. Our findings offer a comprehensive discussion of the electrochemical responses
exhibited by various copper oxide-based nanostructures, enriched by valuable insights
gleaned from electrochemical impedance spectroscopy measurements. This investigation
not only enhances our understanding of these materials but also paves the way for future
advancements in energy storage technologies.

2. Materials and Methods
2.1. Synthesis

The copper oxide films were synthesized on copper foil (Roth, 99.5%) and commercial
open-cell foam electrodes. The foam had a density of 1.02 g cm−3, a porosity of 87.6%, and
an approximate ligament diameter of 150–200 µm. Both the foil and foam electrodes were
shaped to 1 cm × 1 cm dimensions, having a total geometrical working area from both
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sides of 2 cm2. Before synthesis, the electrodes were polished with a commercial detergent,
washed well with distilled water, immersed into a 50:50 H2SO4:H2O solution to dissolve
surface oxides, and lastly washed well again before transferring the electrode into the cell.
All electrochemical syntheses and measurements were carried out on an Autolab 302N
potentiostat (Metrohm, Utrecht, The Netherlands). A three-electrode cell was used, with the
copper foil/foam as the working electrode, a saturated Ag/AgCl reference electrode, and a
platinized titanium mesh counter electrode. All potentials are reported vs. sat. Ag/AgCl.
The syntheses were carried out by cyclic voltammetry (CV) from −1.0 V to different upper
vertex potentials (−0.3 V, −0.1 V, 0.3 V, 0.6 V, and 0.65 V), at a scan rate of 25 mV s−1 and in
an alkaline 1 M NaOH (Roth, 99.5%) electrolyte.

2.2. Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy (EIS) was used to elaborate the copper
oxide film growth mechanism on Cu foil and foam electrodes. The spectra were obtained
potentiostatically, at 0.1 V increments from −0.6 V to 0.6 V. The frequency range was
15 kHz to 20–50 mHz, and the potential perturbation amplitude was 5 mV. The spectra
were interpreted by fitting them to equivalent electric circuits.

2.3. Structure and Morphology

The surface morphology of the synthesized copper oxide films was observed using
a scanning electron microscope SU-70 (Hitachi, Tokyo, Japan). In addition, the average
thickness of the films formed on copper foil substrate was estimated from SEM image
cross-sections. XRD diffraction patterns were obtained with a Rigaku MiniFlex II X-ray
diffractometer (Rigaku, Tokyo, Japan). The average crystallite sizes of identified phases
were calculated from the diffractograms by the Halder–Wagner method.

2.4. Capacitive Properties

To evaluate the capacitive properties of the synthesized films, CV scans were carried
out in a 1 M NaOH electrolyte at increasing scan rates (5 mV s−1, 10 mV s−1, 25 mV s−1,
50 mV s−1, and 100 mV s−1), in the potential range of 0 V to 0.65 V. The charge/discharge
stability was evaluated by carrying out 1000 cycles in the same potential range.

The specific aerial capacitances were calculated by Equation (1) [20]:

CA

(
F cm−2

)
=

1
2Av(Vc − Va)

∫ Vc

Va
I(V)dV (1)

where CA is the aerial specific capacitance (F cm−2), A is the geometrical surface area, v
is the potential scan rate (V s−1), Vc and Va are the cathodic and anodic vertex potentials,
respectively (0 V and 0.65 V), and the integral represents the total area of the j-E curve.

Galvanostatic charge–discharge (GCD) experiments were carried out by applying
a fixed current density (1 mA cm−2, 2.5 mA cm−2, 5 mA cm−2, 10 mA cm−2, and
25 mA cm−2) and measuring the potential until it reached a plateau or a pre-set cut-off
value of 0.65 V. The aerial specific capacitance from GCD curves, energy density (EA), and
power density (PA) were calculated by Equations (2)–(4) [24,25].

CA

(
F cm−2

)
=

I∆t
A∆V

(2)

EA

(
Wh cm−2

)
=

1
2 × 3600

CA∆V2 (3)

PA

(
W cm−2

)
=

EA

∆t
× 3600 (4)
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where I is the discharge current, and ∆t is the discharge time. The division and multiplica-
tion by 3600 s account for “J” conversion to “W h”.

3. Results
3.1. Evaluation of Electrochemical Synthesis of Copper Oxide-Based Nanostructures

The synthesis of nanostructured copper-based films on foil and foam electrodes was
conducted by cycling the applied potential between −1.0 V (cathodic) and 0.65 V (anodic)
for up to 1000 cycles. The resulting curves are presented in Figure 1a (for foil) and Figure 1b
(for foam).
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Figure 1. Cyclic voltammetry curves of film synthesis were recorded between −1.0 V and 0.65 V on
Cu foil (a) and foam (b) in 1 M NaOH at various cycles and 25 mV s−1 scan rate. Arrows show trends
of current density with cycle number. The insets show the bare foil (a) and foam (b) substrates.

In the case of the foil electrode (Figure 1a), the initial scans reveal three distinct peaks
in the anodic part of the CV:

- Peak I, observed at −0.4 V, corresponds to the oxidation of metallic copper (Equation (5)).
- Peak II, at −0.16 V, is associated with the formation of CuO from Cu2O (Equation (6)).
- Peak III, located at −0.01 V, pertains to the direct formation of CuO from metallic

copper (Equation (7)) [26–28].

It must be noted that the formation of hydroxide may occur simultaneously
(Equation (8)), resulting in the formation of mixed Cu2O/CuOH and CuO/Cu(OH)2

phases.
2Cu + 2OH− → Cu2O + H2O + 2e− (5)

Cu2O + 2OH− → 2CuO + H2O + 2e− (6)

Cu + 2OH− → CuO + H2O + 2e− (7)

CuOH + OH− ↔ Cu(OH)2 + e− (8)

Moreover, the current is rather small during the first 100 cycles at higher anodic
potentials, as a relatively passive CuO/Cu(OH)2 layer forms on the surface [29]. However,
after 200 cycles a broad anodic and cathodic current region emerges from 0 V to 0.65 V
(Figure 1, peaks IV and cIV). It has been shown that this electrochemical behaviour is caused
by the reversible oxidation/reduction of copper oxide and hydroxide species (Equations (6)
and (8)), and such behaviour is reflected in the pseudocapacitive properties of given
materials [16,30].

The number of cycles is an important parameter and plays a crucial role in the electro-
chemical behaviour of the films. It is evident that after 10–20 cycles, the peak at −0.01 V can
no longer be distinguished, and film formation can be described by Equation (6). In addi-
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tion, the peak related to this process shifts towards more anodic potentials, and peak current
density increases. The increased current density is probably associated with the evolving
electrochemically active surface area due to nanostructuring (as will be discussed later). In
contrast, the peak potential shift signals the changes at the interface electrode/synthesized
films. When carrying out the synthesis on a Cu foam electrode, the process occurs dif-
ferently, which is reflected in the appearance at the first scan of the pronounced anodic
peak at ~0.2 V (Figure 1b). This peak is likely caused by the initial formation of copper
oxides/hydroxides on the foam electrode because of the relatively larger electrochemically
active surface area. During the subsequent cycling, the peak position shifts to more cathodic
values similar to the foil electrode (~0.0 V). Interestingly, the peak current values drop as
the synthesis proceeds to the final 1000th cycle, which may indicate irreversible oxidation.
However, at the potentials 0.0 V to 0.65 V, the same broad oxidation/reduction range is
observed on the foil electrode, which indicates that the foam electrode would also exhibit
capacitive properties.

To relate synthesis conditions to structural and morphological properties, several
syntheses were carried out on foil substrates at potentials from −1.0 V to a vertex potential
(−0.3 V, −0.1 V, 0.3 V, 0.6 V, and 0.65 V), as shown in Figure 2a. By conducting synthesis in
this manner, the mechanism of oxide formation as outlined in Equations (5)–(8) could be
tuned. For example, when the upper vertex potential was set as −0.3 V, the peak relating to
Cu2+ formation was not reached. At potential −0.1 V, the current would reverse direction
mid-peak, and at 0.3 V, the entire peak would be obtained, but the subsequent anodic
process would be omitted. Regardless of upper vertex potential, the cycles retained broadly
the same profiles, attesting to the excellent reversibility of this system. When the synthesis
was carried out on copper foam electrodes (Figure 2b) the same oxidation/reduction peaks
could be distinguished, but two major changes were apparent: the current densities were
larger, owing to the larger geometrical area of the foam electrode, and the anodic region (at
~0 V to 0.65 V) became broader.
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A further evaluation of the formation of layers on copper foil and foam electrodes was
investigated by electrochemical impedance spectroscopy (EIS) measurements changing
the applied potential in steps of 0.1 V from −0.4 to 0.6 V and back. The interpretation of
EIS data is based on the process model simulated by the equivalent electric circuits (EEC),
where a clear physical meaning is assigned to each passive element. This approach was
discussed in detail in [31]. Usually, the design of EEC is based on the presumed processes
occurring on the electrode and obtained shapes of impedance spectra plotted in Nyquist
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and Bode coordinates. The number of maxima and plateaus in Bode plots indicates the
number of capacitors in EEC, whereas the Nyquist plot is valuable for analysing processes
occurring at lower frequencies. Some examples of conformity of the fitted EEC to the
obtained EIS in Nyquist and Bode coordinates are presented in Figure 3.

Solids 2025, 6, x FOR PEER REVIEW 6 of 19 
 

 

 

(a) 

 

(b) 

Figure 2. Synthesis of copper-based films after 1000 cycles at various upper vertex potentials (shown 
with dashed lines) on Cu foil (a) and foam (b) substrates. Inserts show magnified image for synthesis 
at −0.3 V. 

A further evaluation of the formation of layers on copper foil and foam electrodes 
was investigated by electrochemical impedance spectroscopy (EIS) measurements chang-
ing the applied potential in steps of 0.1 V from −0.4 to 0.6 V and back. The interpretation 
of EIS data is based on the process model simulated by the equivalent electric circuits 
(EEC), where a clear physical meaning is assigned to each passive element. This approach 
was discussed in detail in [31]. Usually, the design of EEC is based on the presumed pro-
cesses occurring on the electrode and obtained shapes of impedance spectra plotted in 
Nyquist and Bode coordinates. The number of maxima and plateaus in Bode plots indi-
cates the number of capacitors in EEC, whereas the Nyquist plot is valuable for analysing 
processes occurring at lower frequencies. Some examples of conformity of the fitted EEC 
to the obtained EIS in Nyquist and Bode coordinates are presented in Figure 3. 

 

 

Solids 2025, 6, x FOR PEER REVIEW 7 of 19 
 

 

 
 

Figure 3. Characteristic EIS presented as Nyquist (a,c,e) and Bode (b,d,f) plots obtained on the foil 
electrode at the potentials −0.3 V (a,b) and 0.1 V (c,d), and on the foam electrode at 0.05 V (e,f); 
circles—experimental data, solid lines—results of fitting to the EEC shown near corresponding 
plots. The values of elements are discussed in the text. 

Values of elements at potentials −0.3 V, 0.1 V, and 0.05 V (Figure 3) are the following: 

• R1 = 1.474 Ω cm2; R2 = 113.1 Ω cm2; R3 = 7930 Ω cm2; CPE1 = 3.737·10−5 (F cm−2)0.853; n1 
= 0.853; CPE2 = 0.422 (F cm−2)0.422; n2 = 0.422 (Figure 3a,b). 

• R1 = 1.703 Ω cm2; R2 = 6431 Ω cm2; CPE1 = 1.01·10−4 (F cm−2)0.938; n1 = 0.938; CPE2 = 
0.422 (F cm−2)0.804; n2 = 0.804 (Figure 3c,d). 

• R1 = 9.502 Ω cm2; R2 = 2452 Ω cm2; CPE1 = 2.155·10−5 (F cm−2)0.666; n1 = 0.666; CPE2 = 
4.003·10−5 (F cm−2)0.775; n2 = 0.775 (Figure 3e,f). 
The different electrochemical processes were identified in the different potential 

ranges, and the results of their modelling by EEC and the physical meanings of passive 
elements in EEC are shown in Figure 4. 

It is noticeable that the film formation processes occur differently on the foil and foam 
electrodes (Figure 4). On the foil electrode, anodic film is formed at potentials ranging 
from −0.4 V to 0.0 V (Figure 4a). Then, at the potential ranging from 0.0 V to 0.3 V, obtained 
films exhibit capacitive behaviour, as the values of R3 are approaching infinity, while the 
charge transfer resistance R2 takes on finite values from 1576 to 78013 Ω cm2. This means 
that the direct current can pass through the circuit until the maximum amount of the film 
is formed. At higher anodic potentials, another faradaic process is occurring, namely 
transformations in the solid phase, and the EIS of this process can be modelled by well-
known modified Ershler–Randles EEC (Figure 4a). When oxide/hydroxide film on the 
copper is already formed, and the potential is changing from 0.6 V to −0.4 V (Figure 4b), 
the synthesized film shows capacitive behaviour up to a potential of 0.0 V. When the po-
tential further decreases, the reduction of the formed film begins, and EIS is fitted to the 
EEC typically described by the faradaic processes occurring on the electrodes (Figure 4b). 

 

 

 

Figure 3. Characteristic EIS presented as Nyquist (a,c,e) and Bode (b,d,f) plots obtained on the foil
electrode at the potentials −0.3 V (a,b) and 0.1 V (c,d), and on the foam electrode at 0.05 V (e,f);
circles—experimental data, solid lines—results of fitting to the EEC shown near corresponding plots.
The values of elements are discussed in the text.

Values of elements at potentials −0.3 V, 0.1 V, and 0.05 V (Figure 3) are the following:

• R1 = 1.474 Ω cm2; R2 = 113.1 Ω cm2; R3 = 7930 Ω cm2; CPE1 = 3.737·10−5 (F cm−2)0.853;
n1 = 0.853; CPE2 = 0.422 (F cm−2)0.422; n2 = 0.422 (Figure 3a,b).

• R1 = 1.703 Ω cm2; R2 = 6431 Ω cm2; CPE1 = 1.01·10−4 (F cm−2)0.938; n1 = 0.938;
CPE2 = 0.422 (F cm−2)0.804; n2 = 0.804 (Figure 3c,d).

• R1 = 9.502 Ω cm2; R2 = 2452 Ω cm2; CPE1 = 2.155·10−5 (F cm−2)0.666; n1 = 0.666;
CPE2 = 4.003·10−5 (F cm−2)0.775; n2 = 0.775 (Figure 3e,f).

The different electrochemical processes were identified in the different potential ranges,
and the results of their modelling by EEC and the physical meanings of passive elements in
EEC are shown in Figure 4.
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It is noticeable that the film formation processes occur differently on the foil and foam
electrodes (Figure 4). On the foil electrode, anodic film is formed at potentials ranging from
−0.4 V to 0.0 V (Figure 4a). Then, at the potential ranging from 0.0 V to 0.3 V, obtained films
exhibit capacitive behaviour, as the values of R3 are approaching infinity, while the charge
transfer resistance R2 takes on finite values from 1576 to 78013 Ω cm2. This means that the
direct current can pass through the circuit until the maximum amount of the film is formed.
At higher anodic potentials, another faradaic process is occurring, namely transformations
in the solid phase, and the EIS of this process can be modelled by well-known modified
Ershler–Randles EEC (Figure 4a). When oxide/hydroxide film on the copper is already
formed, and the potential is changing from 0.6 V to −0.4 V (Figure 4b), the synthesized film
shows capacitive behaviour up to a potential of 0.0 V. When the potential further decreases,
the reduction of the formed film begins, and EIS is fitted to the EEC typically described by
the faradaic processes occurring on the electrodes (Figure 4b).

The processes on the foam electrode during anodic–cathodic cycling are the same, but
the kinetics differ (comparison data shown in Figures 1 and 4). When the potential of the
foam electrode is changed from −0.4 to 0.6 V (Figure 4c), the faradaic processes occur in
the entire range of potentials, because EIS are fitted to the EEC describing a multistage
process [31] or to the modified Ershler–Randle EEC. The formation of anodic films via the
faradaic process continues longer on the foam than on the foil electrode. Namely, it occurs
during cycling to the anodic and then to the cathodic side up to 0.25 V (Figure 4c,d), which
can be linked to the larger specific surface area and higher activity of the foam. In this case,
the charge transfer resistance R2 or R2 + R3, respectively, does not exceed 10000 Ω cm2.
The capacitive behaviour (when R3 approaches infinite values) is observed in the potential
range being narrower than for the foil electrode, namely, from 0.25 V to −0.15 V (Figure 4d).
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One point that should not be left without attention when discussing the electrochemi-
cal properties of the material/electrode is the estimated electrochemically active surface
area that represents the area of the material/electrode that is accessible to the electrolyte
that is used for charge transfer and/or storage. The situation becomes even more com-
plicated and important when the solid electrode material is porous (or 3D). Commonly,
a specific surface area is assessed as the geometric surface area or by the BET method
(after Brunauer, Emmett, and Teller) for porous/nanostructured materials. The geometric
surface area, derived from particle size and shape, is an inaccurate representation of the
electrochemically active surface area, particularly in porous electrode materials. While
the BET method evaluates the porous surface area, this measurement is anticipated to
differ from the electrochemically active surface area, as the adsorbate typically varies in
size and chemical properties compared to the hydrated electrolyte ion that penetrates the
pores in a supercapacitor electrode system [32]. Thus, these methods cannot entirely reflect
the electrochemically active surface area (EASA). The procedure for EASA evaluation of
electrodes including porous materials is based on the estimation of the capacitance of the
electric double layer (Ceff) extracted from the impedance spectrum [32], e.g., this approach
was successfully applied by our group to estimate the ECSA of the metallic films deposited
on the foam by comparing it with planar electrode [33,34].

In this study, when oxide/hydroxide films are formed, the dependencies of the Ceff

vs. potential are quite dissimilar on the foil and foam electrodes (see Figure 5). On the foil
electrode, the capacitance values of Ceff, at potentials where no anodic deposits are formed,
remain in the “typical range”, i.e., 10–100 µF cm2. When the potential is changed to more
anodic values and the oxide/hydroxide phase is formed (>0.1 V), the capacitance increases
up to 5000–6000 µF cm2 (Figure 5; blue line). With the further change of the potential
towards more cathodic values (<−0.1 V), the oxide /hydroxide film almost reduces, and
Ceff decreases and returns to the “typical range”. Thus, these data suggest that films
grown at a potential range of −0.1 to 0.65 V on foil electrodes have higher Ceff due to the
enhanced area caused by new phase formation of nanostructured copper oxides, which
will be discussed in the section below.
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On the foam electrode, due to the 3D structure and the occurrence of multiple electrode
reactions, the values of Ceff are quite unpredictable. At potentials ranging from −0.65 V
to −0.4 V (copper oxide species do not reduce/oxidate), Ceff values are much higher than
on the foil electrode (Figure 5, red line), which is a “typical” case of a 3D electrode having
a higher specific area than a planar one. When the potentials become more positive, the
formation of the oxide/hydroxide phases occurs, and the current passed through the
electrode is much higher than that on the foil electrode (see Figure 2b). However, the
values of Ceff surprisingly decrease (Figure 5, red line) up to 0.01–0.1 µF cm2 (calculated
on the geometric area). A possible explanation can be linked to the overlapping of double
electric layers in the porous structure, and in this case, the electrochemically effective
surface area is not the same as that of the real electrode surface [36]. Thus, as the present
study and others show [37], an open question remains as to how to correctly estimate the
electrochemically active surface area on the 3D electrodes, especially in the case of multiple
electrode reactions.

3.2. Evaluation of Morphology and Structure of the Obtained Films

SEM observations reveal that surface morphology varies greatly with synthesis con-
ditions and that distinct nanostructures can be obtained by control of the upper vertex
potential. On copper foil substrates, the cauliflower-like nanoplatelets were observed when
films had been obtained at upper vertex potentials of 0.65 V and 0.6 V (Figure 6a,b). In con-
trast, continuous arrays of collapsed nanoneedles are formed at more cathodic potentials
(0.3 V and −0.1 V, Figure 6c,d). Such growth of nanoneedle arrays has been attributed to
the formation of copper oxides and hydroxides [38,39].

Similar nanoplatelet and nanoneedle surface morphologies also dominate on foam
electrodes (Figure 6e–g). However, due to the 3D framework and many zones of potentially
different local current densities, several distinct types of nanostructures can be observed on
these electrodes. Moreover, when the upper vertex potential was set to −0.1 V, a compact
layer covering copper foam was formed (Figure 6h). Furthermore, low magnification SEM
images of the foam electrodes (Figure 6e–h) show that the formed structures at −0.1 V
grow preferentially in the middle of the strut (Figure 6h), while at higher anodic potentials
the edges are more roofed (Figure 6e–h). Furthermore, in all cases, the films grown on 3D
electrodes are less powdery and have better adhesion to the substrate.

Obtained X-ray diffraction patterns reveal that the phase structure of the synthesized
films is influenced by the upper vertex potential reached during synthesis (Figure 7). Thus,
when the films had been synthesized from −1.0 V until the potential of −0.3 V (Figure 7a),
apart from a strong background signal from the substrate, the diffractogram revealed the
(111) and (200) peaks of Cu2O at 2θ = 36.4◦ and 42.3◦, respectively (ICDD # 00-005-0667).
When the upper vertex potential was extended to −0.1 V, additional Cu(OH)2 peaks at 23.7◦

(021), 33.9◦ (002), 35.7◦ (111), 39.8◦ (130), and 52.9◦ (150) emerged (ICDD # 00-003-0310).
Also, the intensity of these peaks is increasing, owing to the growing thickness of the film.
Thus, the estimated thickness of the films obtained on copper foil substrate increased from
~1.2 µm to ~18 µm at the alteration of the upper vertex potential from −0.3 V up to 0.65 V,
correspondingly. Furthermore, the Cu2O and Cu(OH)2 phases were still observed for the
upper vertex potential of 0.3 V, although the peak at 38.7 ◦ corresponding to the (111) CuO
phase began to appear.
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Subsequently, when the potential was further extended towards 0.6 V and 0.65 V, the
(−111) and (111) peaks of CuO at 35.5◦ and 38.7◦ became more intense (ICDD # 00-005-
0661), and the peaks related to Cu2O and Cu(OH)2 disappeared. A similar observation
was reported for Cu anodized potentiostatically in alkaline media [40]. Thus, our results
show that a smart shift of the upper vertex potential provides a reliable tool to manipulate
kinetics and preferential growth of distinctive copper oxides. The relation between upper
vertex potential and phase structure on films synthesized on foam electrodes is similar to
foil electrodes (Figure 7b). Cu2O dominates when synthesis is carried out at more cathodic
potentials, and the CuO phase forms after synthesis at more anodic vertex potentials,
while all three phases (Cu2O, Cu(OH)2, and CuO) co-exist at intermediate conditions. The
significant impact attained by using foam electrodes embraces the possibility of changing
the kinetics (discussed above) and preferential growth of formed phases. Thus, a single CuO
phase can be found in synthesized films obtained at more anodic upper vertex potentials
(0.6 V and 0.65 V, Figure 7b) compared to films formed on copper foil electrodes, which can
contribute to the capacitive behaviour of the electrodes.
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 Figure 7. XRD diffractograms of copper oxide and hydroxide films, obtained through cyclic voltam-
metry after 1000 cycles at various upper vertex potentials on Cu foil (a) and foam (b) substrates. The
peaks of the films are compared to Cu2O, CuO, and Cu(OH)2, cards ICDD # 00-005-0667, ICDD #
00-005-0661, and ICDD # 00-003-0310, respectively.

Table 1 contains the average crystallite sizes of the main identified copper oxide and
hydroxide phases, as calculated by the Halder–Wagner method. The respective diffrac-
tograms for foil electrodes in Figure 6a show that the CuO peaks are distinctly broader
than those of Cu2O and Cu(OH)2, suggesting the formation of finer crystallites. Indeed,
when CuO is the main phase (when the upper vertex potential was 0.65 V), the average
crystallite size is 11 nm. However, when the main phases are Cu2O and Cu(OH)2, their
respective crystallite sizes range between 18–37 nm and 27–35 nm. Comparable values for
copper oxides and hydroxide crystallite sizes obtained by different methods have been
reported [41,42].

Table 1. Average crystallite sizes of XRD-identified copper compounds, synthesized by the cyclic
voltammetry on copper foil and foam electrodes at different upper vortex potentials (Emax).

Crystallite Size, nm
Foil Foam

Emax, V Cu2O Cu(OH)2 CuO Cu2O Cu(OH)2 CuO

0.65 - - 10.9 - - 9.1
0.6 - 27.6 13.3 - - 9.1
0.3 35.1 35.0 10.2 23.2 23.4 9.6
−0.1 37.0 35.0 - 39.8 37.8 -
−0.3 17.7 - - 6.4 - -

As mentioned earlier, the use of foam electrodes leads to the synthesis of CuO single
phase at high upper vertex potentials (0.6 V and 0.65 V), and crystallites in this case are even
finer (~9 nm). Furthermore, the crystallite sizes of Cu2O and Cu(OH)2 were also noticeably



Solids 2025, 6, 15 12 of 18

smaller on copper foam electrodes, which can also impact the capacitive properties of
these films.

3.3. Evaluation of Capacitive Properties

The capacitive properties of the most promising films were further evaluated by carry-
ing out cyclic voltammetry at increasing scan rates in the pseudocapacitive region of 0.0 V
to 0.65 V, as shown in Figure 8. As briefly discussed before, the charge accumulation and
release properties of these copper oxide materials are caused not the by charge/discharge
of the electrical double layer, but instead by reversible oxidation/reduction reactions
(Equation (8), see Section 3.1, (9)–(11)) [43].

CuO + H2O + 2e− ↔ Cu2O + 2OH− (9)

Cu2O + H2O + 2OH− ↔ 2Cu(OH)2 + 2e− (10)

CuOH + OH− ↔ CuO + H2O + e− (11)
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Figure 8. Cyclic voltammetry curves showcasing the pseudocapacitive behaviour of nanostructured
copper oxide-based films, synthesized on copper foil (a–c) and foam (d–f) electrodes at different
upper vertex potentials (Emax) and scan rates.

For this reason, the cyclic voltammograms are not of a perfectly square shape that
would be characteristic of double-layer capacitors; instead, these electrodes should be
thought of as reversible pseudocapacitors [18,44,45]. Interestingly, for the film that had
been synthesized to the upper vertex potential of 0.65 V, the cyclic voltammograms became
“narrower” at faster scan rates (Figure 8a). This is likely due to a combination of two effects:
inhibited contact between the electrolyte and electrochemically active surface of the thick
film [46], which results in incomplete conversion of the copper oxide species (e.g., as per
Equations (8)–(11)) [47]. This issue is mitigated when characterizing the pseudocapacitive
properties of the films, synthesized to 0.3 V and −0.3 V (Figure 8b,c). Here, higher potential
scan rates result in larger current densities over the entire measured potential range, which
is characteristic of a more complete conversion.
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The same general trends hold for the films synthesized on foam substrates (Figure 8d–f).
Here, the current densities are larger, owing to the apparent larger surface area of the
3D framework of the foam electrode. It also becomes apparent that in some cases the
oxidation/reduction reactions are not perfectly reversible, as is the case for the film that
had been synthesized on Cu foam to an upper vertex potential of −0.3 V (Figure 8f). The
anodic part of the cycle is far larger than the cathodic part (e.g., at 50 mV s−1 Qanodic = 0.13
C; Qcathodic = 0.03), which means that during synthesis the film’s structure or morphology
has not yet reached equilibrium, and oxidation reactions still dominate. For comparison, for
films synthesized to 0.65 V and 0.3 V, the anodic and cathodic charges for the 50 mV s−1 cycle
are, respectively, Qanodic = 0.35 C, Qcathodic = 0.34 C, and Qanodic = 0.19 C, Qcathodic = 0.18 C.

Figure 9 depicts the calculated specific capacitances of the synthesized films as mea-
sured under different potential scan rates. Firstly, it is evident that slower scan rates
result in significantly larger specific capacitances—a consequence of the relatively slow
charge/discharge process, most likely related to the intricate nanostructuring of the surface.
The specific capacitances calculated for foam electrodes are larger than for foil electrodes
due to the open-cell nature and 3D nanostructuring of the substrate. The largest specific
capacitance obtained in this study is 1380 mF cm−2 (0.65 V at 5 mV s−1 on foam electrode).
This value is quite large in comparison to the value of 103.9 mF cm−2 reported in [46],
where copper oxide nanostructures were also electrochemically obtained on 3D foam,
although the two cases are comparable in terms of geometrical areas. In other studies,
authors obtained even higher values, e.g., 1641.4 mF cm−2 [43] and 1954 mF cm−2 [47].
However, here the authors took into calculation not the geometrical area but the specific
area of electrodes, which of course will increase the final values of specific capacitance.
Here, we underline again that the evaluation of the specific area of nanostructures with
the BET method cannot perfectly relate to the electrochemically active area, and thus the
received values are uncertain.

Solids 2025, 6, x FOR PEER REVIEW 14 of 19 
 

 

Here, we underline again that the evaluation of the specific area of nanostructures with 
the BET method cannot perfectly relate to the electrochemically active area, and thus the 
received values are uncertain. 

Additionally, the specific capacitances of films synthesized at higher cathodic upper 
vertex potentials were also characterized (Figure 9b,c). It was observed that the total Cs 
values are much smaller on both foil and foam electrodes. However, the decrease of Cs 
with increasing potential scan rate can also be inferred to be smaller. In this case, due to 
intricate nanostructuring and favourable phase structure, the films synthesized to more 
anodic upper vertex potentials (0.65 V) exhibit higher total specific capacitances, but im-
peded charge transfer kinetics limit their charge/discharge rate. Meanwhile, the films syn-
thesized at more cathodic upper vertex potentials (0.3 V, −0.3 V) have lower specific ca-
pacitances, but faster charge/discharge kinetics. 

(a) 

 

(b) 

 

(c) 

Figure 9. Calculated specific capacitances of films, synthesized on copper foil and foam electrodes, 
to different upper vertex potentials: 0.65 V (a), 0.3 V (b), and −0.3 V (c). 

The films exhibiting the highest specific capacitances and apparent reversibility were 
further characterized by analysing galvanostatic charge–discharge cycles at different cur-
rent densities. When comparing the GCD curves of foil and foam electrodes (Figure 10a,b), 
it is evident that both the charging and discharging processes take more time on the foam 
electrodes at the same current densities. Accordingly, the specific capacitances of foam 
electrodes are larger than those of foil electrodes (Figure 10c), correlating well to the re-
sults obtained from CV experiments. The largest specific capacitances obtained from GCD 
curves were 1085 mF cm−2 and 471 mF cm−2 (on foam and foil electrodes, respectively), 
measured at 10 mA cm−2. When using a higher current density of 25 mA cm−2, the specific 
capacitance was found to drop. Similarly, to faster scan rates during CV experiments, 
larger charge/discharge current densities probably hinder the interaction of the electrolyte 
with the deeper layers of the nanostructured film, resulting in lower charging/discharg-
ing. 

This effect is particularly visible when analysing energy and power densities (Figure 
10d). Until 10 mA cm−2, both the power density and energy density increase with larger 
applied currents. However, at 25 mA cm−2 the power density is significantly improved but 
at the cost of decreasing energy density. That is to say, less energy can be extracted, albeit 
faster. The best values obtained in this study were for the CuO film synthesized on a foam 
substrate to an upper vertex potential of 0.65 V and were 0.061 mWh cm−2 and 1.28 mW 
cm−2, measured at 10 mA cm−2. 

Figure 9. Calculated specific capacitances of films, synthesized on copper foil and foam electrodes, to
different upper vertex potentials: 0.65 V (a), 0.3 V (b), and −0.3 V (c).

Additionally, the specific capacitances of films synthesized at higher cathodic upper
vertex potentials were also characterized (Figure 9b,c). It was observed that the total Cs

values are much smaller on both foil and foam electrodes. However, the decrease of Cs with
increasing potential scan rate can also be inferred to be smaller. In this case, due to intricate
nanostructuring and favourable phase structure, the films synthesized to more anodic
upper vertex potentials (0.65 V) exhibit higher total specific capacitances, but impeded
charge transfer kinetics limit their charge/discharge rate. Meanwhile, the films synthesized
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at more cathodic upper vertex potentials (0.3 V, −0.3 V) have lower specific capacitances,
but faster charge/discharge kinetics.

The films exhibiting the highest specific capacitances and apparent reversibility were
further characterized by analysing galvanostatic charge–discharge cycles at different current
densities. When comparing the GCD curves of foil and foam electrodes (Figure 10a,b), it
is evident that both the charging and discharging processes take more time on the foam
electrodes at the same current densities. Accordingly, the specific capacitances of foam
electrodes are larger than those of foil electrodes (Figure 10c), correlating well to the results
obtained from CV experiments. The largest specific capacitances obtained from GCD
curves were 1085 mF cm−2 and 471 mF cm−2 (on foam and foil electrodes, respectively),
measured at 10 mA cm−2. When using a higher current density of 25 mA cm−2, the specific
capacitance was found to drop. Similarly, to faster scan rates during CV experiments, larger
charge/discharge current densities probably hinder the interaction of the electrolyte with
the deeper layers of the nanostructured film, resulting in lower charging/discharging.
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This effect is particularly visible when analysing energy and power densities
(Figure 10d). Until 10 mA cm−2, both the power density and energy density increase
with larger applied currents. However, at 25 mA cm−2 the power density is significantly
improved but at the cost of decreasing energy density. That is to say, less energy can be
extracted, albeit faster. The best values obtained in this study were for the CuO film synthe-
sized on a foam substrate to an upper vertex potential of 0.65 V and were 0.061 mWh cm−2

and 1.28 mW cm−2, measured at 10 mA cm−2.
Lastly, we examined the stability of the best-performing electrode by carrying out

1000 CV scans at the fastest potential scan rate of 100 mV s−1 and observed that it exhibits
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excellent cycle reproducibility for the duration of this test (Figure 11a). It was also noted
that, although visually the cycles appear identical, the specific capacitance trends toward
higher values over the first 500 cycles, and subsequently plateaus (Figure 11b). A similar
increase in specific capacitance had been reported for other copper oxide-based structures
performing in alkaline conditions and is thought to occur due to further nanostructuring of
the surface [9,47]. These observations indicate that the restructuring of the surface structure
or morphology continues, but a stable equilibrium is eventually reached, allowing the
system to function as an efficient pseudocapacitor.
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4. Conclusions
In this study, nanostructured copper oxide films were electrochemically synthesized on

copper foil and foam substrates, and their application as oxidation/reduction pseudocapac-
itors was characterized. The synthesis was carried out by performing cyclic voltammetry
scans from a lower vertex potential of −1.0 V to a variable upper vertex potential (from
−0.3 V to 0.65 V). It was observed that limiting the upper vertex potential during synthesis
would result in films with different phase structures—more cathodic potentials limited the
oxidation products to just Cu2O, whereas more anodic potentials yielded Cu(OH)2 and
CuO. EIS data, which were successfully interpreted in terms of EEC applied for data fitting,
show that various processes occur on foil and foam electrodes during changing potentials
from −1.0 to 0.6 V and back. Namely, faradaic processes of copper oxide/hydroxide forma-
tion, capacitive behaviour of formed films, and faradaic processes related to transformation
in a solid state during synthesis were identified.

The surface morphology could also be tuned from featureless-grained, to nanoneedles
and nanoplatelets, showcasing the utility of this synthesis method for obtaining nanostruc-
tured copper oxide films with crystallite size below 10 nm. The capacitive properties of
the synthesized films were characterized by cyclic voltammetry in the 0 V–0.65 V range at
different scan rates, and specific capacitances were calculated. Due to the 3D framework of
the substrate, on foam electrodes, the specific capacitances were larger when accounting for
the geometrical surface area of the electrode. A specific capacitance value of 1380 mF cm−2

was obtained for the film, synthesized on Cu foam to an upper vertex potential of 0.65 V
when measured at a 5 mV s−1 scan rate. The optimal energy and power density values for
a CuO film synthesized on a foam substrate to an upper vertex potential of 0.65 V were
0.061 mWh cm−2 and 1.28 mW cm−2, measured at 10 mA cm−2. The charge/discharge
stability of this film was evaluated for 1000 cycles at 100 mV s−1, and it was observed
that the specific capacitance grows until it reaches an equilibrium value, after which the
capacitive properties are completely retained until the end of the experiment.
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