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Abstract:
This research paper presents a comprehensive study on the synthesis of copper oxide (CuO), cobalt
oxide (Co3O4), and their hybrid nanoparticles via the sol-gel method for enhanced supercapacitor
applications. The resulting materials were characterized using techniques such as X-ray diffraction
(XRD), scanning electron microscopy (SEM), UV-Vis, Dynamic Light Scattering (DLS) and
electrochemical measurements. The average particle size of CuO, Co3O4 nanoparticles and
CuO/Co3O4 nanocomposite is found from XRD as 18.5 nm, 18.1 nm, and 17.5 nm respectively.
The electrochemical performance of the synthesized nanoparticles was evaluated using cyclic
voltammetry (CV). The CuO nanoparticles exhibited a specific capacitance of 204 F/g, while
Co3O4 showed a specific capacitance of 252 F/g at a scan rate of 5 mV/s. The CuO-Co3O4
hybrid nanoparticles demonstrated a synergistic effect, with a specific capacitance of 384 F/g,
outperforming the individual oxide counterparts.
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1. Introduction

In recent years, there has been a growing interest in finding
effective energy storage solutions because to the increasing
need for portable gadgets, electric cars, and the integration
of renewable energy into the power grid [1, 2]. The emer-
gence of supercapacitors as energy storage devices has gar-
nered significant attention due to its capacity to provide high
power densities, rapid charge-discharge rates, and extended
cycle lifetimes, thereby serving as a valuable complement to
conventional battery technologies [3, 4]. The electrode ma-
terials for supercapacitors have attracted significant interest
due to the high specific capacitance, chemical stability, and
environmental compatibility exhibited by transition metal
oxides [5, 6]. Among these transition metal oxides, copper
oxide (CuO) and cobalt oxide (Co3O4) stand out as promis-
ing candidates for supercapacitor applications due to their
excellent electrochemical properties [7, 8]. Their redox re-
actions, high theoretical capacitances, and abundance make
them appealing choices for enhancing the performance of
energy storage devices.

Copper and cobalt oxides find diverse applications in vari-
ous fields, serving as pivotal materials in modern research
endeavours [9]. In the realm of energy storage, copper ox-
ide emerges as a promising candidate for supercapacitors,
owing to its high specific capacitance and excellent cycling
stability. Its application extends to catalysis, where cobalt
oxide nanoparticles exhibit remarkable efficiency in wa-
ter oxidation reactions [10], crucial for sustainable energy
production through water splitting [11]. Moreover, in the
realm of biomedical research, cobalt oxide nanoparticles
show potential as contrast agents in magnetic resonance
imaging (MRI) due to their magnetic properties, offering
non-invasive and highly sensitive imaging modalities for
disease diagnostics [12]. These multifaceted applications
underscore the pivotal roles of copper and cobalt oxides in
advancing diverse fields of scientific exploration and tech-
nological innovation. Copper oxide, in its various forms
including CuO and Cu2O, exhibits a rich redox behaviour
that enables reversible Faradaic reactions, leading to high
specific capacitance values [13, 14]. Its layered crystal
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structure allows for facile ion diffusion, facilitating rapid
charge and discharge processes essential for efficient energy
storage. Moreover, the abundance and eco-friendliness of
copper oxide make it an attractive choice for sustainable
energy applications.
On the other hand, cobalt oxide, particularly in its Co3O4
spinel form, presents a unique electrochemical profile char-
acterized by multiple redox couples [15]. This feature re-
sults in a high pseudocapacitance contribution, leading to
enhanced energy storage capabilities. Additionally, cobalt
oxide demonstrates excellent conductivity and stability, en-
suring prolonged cycling performance for pseudocapacitor
devices. In recent years, the integration of these transition
metal oxides into hybrid structures has emerged as a strat-
egy to further enhance the electrochemical performance of
pseudocapacitors [16, 17].
Hybrid nanoparticles combining copper oxide and cobalt
oxide (CuO/Co3O4) offer synergistic effects, such as im-
proved charge transfer kinetics, enhanced specific surface
area, and optimized ion diffusion pathways [18, 19]. These
features collectively contribute to the superior electrochem-
ical properties of the resulting electrodes, making them
highly desirable for next-generation energy storage appli-
cations [20–22]. Furthermore, the synthesis of these metal
oxides into nanostructured forms offers additional advan-
tages such as increased surface area, improved electronic
conductivity, and enhanced electrochemical reactivity [23–
25]. Copper oxide (CuO) is considered environmentally
benign due to its non-toxic nature and minimal environmen-
tal impact during disposal. The widespread availability and
relatively low cost of copper make CuO an economically at-
tractive material for supercapacitors. Its low cost combined
with good electrochemical performance offers a favourable
cost-to-performance ratio.
Nanomaterials can be utilized for energy storage through
two methods: direct and indirect. The materials are com-
posed of porous materials with a significant surface area,
enabling the storage of electric charges through electrostatic
adsorption on the surface and pores [26, 27]. The material
charge storage occurs by quick faradic reactions at the in-
terface between the electrode and electrolyte, resulting in a
phenomenon known as pseudocapacitance [28–31]. Pseu-
docapacitors, such as RuO2, MnO2, Co3O4, Fe2O3, CuO,
and NiO, exhibit a diverse spectrum of particle sizes and
morphologies, enabling them to effectively store charge
[32–36]. Therefore, metal oxides are essential to explore
its understanding in great details in terms of their synthesis,
properties and applications.
This manuscript presents a systematic investigation into the
synthesis of CuO and Co3O4 and their hybrid nanoparticles
(CuO/Co3O4) using the sol-gel method for application in
supercapacitors. The sol-gel method used in our synthesis
is known for its low energy requirements and minimal en-
vironmental footprint compared to other high-temperature
processes. The process also allows for the precise control
of material properties, reducing waste and improving ef-
ficiency. The sol-gel method offers precise control over
nanoparticle size, morphology, and composition, making it
an attractive approach for tailoring electrode materials with

desired properties [37]. In our study, we selected copper
chloride dihydrate (CuCl2·2H2O) and cobalt chloride hex-
ahydrate (CoCl2·6H2O) as the precursors for the synthesis
of copper oxide (CuO) and cobalt oxide (Co3O4) nanoparti-
cles, respectively. These precursors were chosen due to their
high solubility in the reaction medium, ease of handling,
and their effectiveness in forming homogeneous gels. The
concentrations of the precursors were optimized through
preliminary experiments to ensure a balanced stoichiometric
ratio conducive to the formation of CuO, Co3O4, and their
hybrid nanoparticles with desired purity and crystallinity.
By combining copper oxide, cobalt oxide, and their hybrids,
this study aims to explore the synergistic effects that can
potentially enhance the electrochemical performance of su-
percapacitors. Understanding the intricacies of synthesizing
copper oxide, cobalt oxide, and their hybrid nanoparticles
via the sol-gel method is crucial for optimizing their perfor-
mance as supercapacitor electrodes. This work attempts to
add to the increasing amount of information in this area by
offering insights into the development, synthesis, and char-
acterisation of sophisticated electrode materials suited for
high-efficiency supercapacitor applications. The objective
of this study is to establish a foundation for the advance-
ment of energy storage devices in the future, characterized
by enhanced efficiency, reliability, and environmental sus-
tainability.

2. Materials and methods

2.1 Materials
For the synthesis of copper oxide (CuO) nanoparticles,
cobalt oxide (Co3O4) nanoparticles, and copper oxide/-
cobalt oxide (CuO/Co3O4) composite following chemi-
cals are used. Copper chloride dihydrate (CuCl2·2H2O),
Cobalt chloride hexahydrate (CoCl2·6H2O), Copper sul-
phate pentahydrate (CuSO4·5H2O), Sodium hydroxide pel-
lets (NaOH), Sodium carbonate (Na2CO3), Hexa methy-
lene tetra amine ((CH2)6N4), Ammonium bicarbonate
(NH4HCO3), Hydrochloric acid (HCl) and Distilled wa-
ter (H2O).

2.2 Synthesis of nanoparticles
The nanoparticles were synthesized through the utilization
of a wet chemical (Sol-Gel) technique. This technique
involves dissolving the molecular precursor in water and
transforming it into a gel by the process of hydrolysis, which
is achieved by heating and stirring.

2.2.1 Copper oxide (CuO) nanoparticles
For the preparation of CuO nanoparticles, 0.51 g of copper
chloride dihydrate (CuCl2·2H2O) was dissolved in 100 mL
of distilled water. The reaction mixture was stirred and
heated to 50 ◦C for a period of 1 hour. At the time of vigor-
ous stirring, add 1 g of NaOH pellets to the solution. Then
the colour of the solution turns from blue colour to green
colour and finally black colour homogeneous precipitate
was obtained. Then, add few drops of hydrochloric acid
(HCl) to adjust the pH of the solution. This black colour
precipitate is copper hydroxide.
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2.2.2 Cobalt oxide (Co3O4) nanoparticles
For the preparation of Co3O4 particles, add 1 g of cobalt
chloride hexahydrate (CoCl2·6H2O) and sodium carbonate
(Na2CO3) in 100 mL distilled water in a 250 mL conical
flask. Under the vigorous stirring for an hour, the colour of
the solution turns to violet colour precipitate. Here cobalt
chloride hexahydrate acts as a precursor and sodium carbon-
ate acts as a reducing agent.

2.2.3 Copper oxide/Cobalt oxide (CuO/Co3O4) compos-
ite

For the synthesis of the copper oxide/cobalt oxide nanocom-
posite by using precursors of each 10 mmol of copper sul-
phate pentahydrate (CuSO4·5H2O), and cobalt chloride hex-
ahydrate (CoCl2·6H2O) in a 40 mL distilled water in a con-
ical flask. To this solution reducing agents of 20 mmol of
hexamethylenetetramine ((CH2)6N4), and 15 mmol of am-
monium bicarbonate (NH4HCO3) in 40 mL distilled water
was added dropwise under vigorous stirring and heating up
to 50 ◦C for 1 h. The colour of the solution changes from
maroon to lavender and then malachite blue.
The homogeneous precipitate obtained from the above pro-
cedures was filtered by centrifuge and then washed with
distilled water several times to remove the impurity ions.
The resulting gels were dried in an oven at 70 ◦C for 4 hours
to remove any residual solvents and to obtain xerogels. The
dried xerogels were subjected to calcination in a muffle fur-
nace. The dried nanoparticles (CuO, Co3O4 CuO/Co3O4)
were calcined at 450 ◦C for 3 hrs to achieve optimal phase
formation and crystallinity. After calcination, the samples
were allowed to cool to room temperature naturally. The
nanoparticles were finely ground into fine powers using
an agate mortar and pestle to ensure uniform particle size
distribution of CuO, Co3O4, CuO/Co3O4 nanoparticles.

2.3 Characterization
A Shimadzu x-ray diffractometer PANALYTICAL
XPERT’3 PRO was used to study the crystalline features of
the sample in the 2θ range from 20–80◦. Fourier Transform
Infrared (FTIR) spectroscopy was performed using a Bruker
ALPHA II - Eco FT-IR with a Diamond Crystal ATR
Spectrometer. UV-Visible (UV-vis) studies were conducted
using a Double Beam UV-VIS Spectrophotometer (Model
No. HV-2201) in the range from 200–800 nm. Nanopartica
SZ-100 is used for measuring the size distribution of
particles.
1 mg of each active material (CuO, Co3O4 nanoparticles
& CuO, Co3O4 nanocomposite) was combined with 5 µL
of Nafion and a small amount of ethanol solution for the
purpose of electrochemical analysis. The solution was
sonicated for 1 hour in order to achieve a homogeneous
slurry. Subsequently, this slurry was applied onto a glassy
carbon electrode (GCE) with an area of 1 cm2 and left to
dry at room temperature. A three-electrode system has
been used to do electrochemical analysis, with the active
material functioning as the working electrode, a platinum
wire serving as the counter electrode, and Ag/AgCl being
employed as the reference electrode. Furthermore, a solu-
tion of potassium hydroxide (KOH) with a concentration of
1 M was employed as the electrolyte. The active material
electrode was subjected to cyclic voltammetry study at
different scan rates spanning a potential range of 0.0 to 0.6.

3. Results and discussion

3.1 X-ray diffraction (XRD) analysis
The XRD analysis of synthesized CuO, Co3O4, CuO/Co3O4
nanoparticles, was identified and shown in figure 1. The in-
tense peaks at 2θ values of 32.6◦ (110), 35.6◦ (111), 36.9◦

Figure 1. XRD analysis of CuO, Co3O4 nanoparticles and CuO/Co3O4 nanocomposite.
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(111), 38.8◦ (111), 44.9◦ (202), 66.2◦ (-311) and 68.3◦ (-
220) corresponding to the crystal structure of monoclinic
tenorite for CuO nanoparticles, normal spinel structure for
Co3O4 nanoparticles and cubic structure for CuO/Co3O4
composite. These values are matching with JCPDS No.01-
080-1916 (CuO) and 00-073-1701 (Co3O4). The average
particle size of CuO, Co3O4 nanoparticles and CuO/Co3O4
nanocomposite was estimated by using Debye Scherrer for-
mula which is found at 18.5 nm, 18.1 nm, and 17.5 nm re-
spectively.
The XRD graph is plotted against diffracted intensity vs
2θ . The crystalline size of samples estimated from the most
intense peak of XRD pattern using Debye Scherer’s formula
[38].

D =
0.9λ

β cosθ
(1)

where λ = wavelength of X-rays (1.54 nm for Cu), β = full
width half maxima of a peak, θ = angle of the peak.

3.2 Scanning electron microscopy (SEM) and EDAX
analysis

The surface morphology of synthesized materials is anal-
ysed by using SEM as shown in figure 2(a-c). FESEM

image of CuO nanoparticle as shown in figure 2(a) are hav-
ing flake-like structure, SEM image of Co3O4 nanoparticle
shown in figure 2(b,c) and composite (CuO/Co3O4) are in
agglomerated with irregular shape.
The energy dispersive X-ray spectroscopic technique was
employed to observe the elemental composition of the pro-
duced nanomaterials, as represented in figure 2(d), 2(e) and
2(f). This EDAX confirms the presence of Cu and O for
CuO nanoparticle sample, Co and O for Co3O4 nanoparticle
and the combination of Cu, Co, O for composite material.

3.3 Particle size distribution

Dynamic Light Scattering (DLS) technique measures size
distribution of nanoparticles. The DLS data provided in-
formation on the hydrodynamic diameter of the nanopar-
ticles, offering insight into the size distribution and the
degree of agglomeration in the samples. The particle size
distribution of CuO, Co3O4 nanoparticles and their com-
posite (CuO/Co3O4) are having diameter range 1–10 nm,
10–100 nm, and 10–100 nm as determine on laser light scat-
tering particle size analyser which are shown in figure 3(a-c).
From the results of DLS it is observed that the particles are
well dispersed. For CuO nanoparticles, the DLS analysis

Figure 2. (a,b,c) SEM images, (d,e,f) EDAX image of CuO, Co3O4 and CuO/Co3O4 nanocomposite.
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Figure 3. (a) DLS graph of CuO nanoparticle, (b) Co3O4 nanoparticle, (c) CuO/Co3O4 nanocomposite.

as shown in figure 3(a) revealed a mean particle size of ap-
proximately 10 nm with a relatively narrow size distribution,
indicating good uniformity. For Co3O4 nanoparticles, the
DLS results showed a mean particle size of approximately
22 nm, with a broader distribution, suggesting some degree
of agglomeration. For the hybrid CuO-Co3O4 nanoparticles,
the DLS analysis indicated a mean particle size of approx-
imately 40 nm, with a uniform size distribution profile of
the metal oxides.

3.4 Fourier transform infrared spectroscopy (FI-TR)
analysis

The functional groups present in the synthesized materials
are found from FTIR analysis shown in figure 4(a-c). The
peaks at 660.9 cm−1, 689.9 cm−1, 749.97 cm−1 have strong
absorption band corresponds to Cu-O stretching bond, Co-
O bond due to the presence of CuO in monoclinic phase

and Co3O4 in spinel phase [39]. The broad band centred
in the region 3435.5 cm−1, 3423.05 cm−1, 3445.9 cm−1 is
allocated to the bending vibrations of surface hydroxyls
[40]. Similarly, C-H stretching bonds occur in the re-
gion 3100–2800 cm−1. The peaks obtained at 1625.5 cm−1,
1634.1 cm−1, 1631.4 cm−1 indicates C=O stretching bonds.

3.5 UV-visible analysis

The UV-Vis absorbance spectrum (wavelength vs ab-
sorbance) of synthesized materials is used to study the band
gap energy and electronic transitions of certain material.
The absorption spectra of CuO, Co3O4 nanoparticle and
CuO/Co3O4 composite were shown in below figure 5(a-c).
The energy band gap of the obtained CuO, Co3O4 nanoparti-
cle and CuO/Co3O4 nanocomposite are 2.4 eV, 2.2 eV and
1.9 eV respectively as shown in figure 5(d-f) is determined

Figure 4. FTIR spectra of (a) CuO, (b) Co3O4 nanoparticles, (c) CuO/Co3O4 nanocomposite.
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Figure 5. (a-c) UV-Vis absorption spectra of CuO, Co3O4 and CuO/Co3O4 nanocomposite, (d-f) Tauc plot of direct
electronic transition of CuO, Co3O4 and CuO/Co3O4 nanocomposite.

by using Tauc’s relation [41].

(αhϑ)n = A(hϑ −Eg) (2)

where α = absorption coefficient, hϑ = incident photon
energy, A = material dependent constant, n = 2 for di-
rect transitions, n = ½ for indirect transitions and Eg =
energy band gap. Using this relation Tauc plot is drawn for
direct and indirect allowed electronic transitions of CuO,
Co3O4 nanoparticle and CuO/Co3O4 composite. This tauc
plot represents the relationship between photon energy vs
(αh)n. The obtained graphs for direct transitions are seen
in figure 5(a,d) of CuO nanoparticles, figure 5(b,e) Co3O4
nanoparticle and figure 5(c,f) of CuO/Co3O4 nanocompos-
ite.

3.6 Electrochemical analysis (cyclic voltammetry (CV)
analysis)

The cyclic voltagram of CuO, Co3O4 nanoparticles, and
CuO/Co3O4 nanocomposite with varying scan rates at a
potential range of 0.0 to 0.6 V, employing 1 M KOH as
the electrolyte, is displayed in figure 6(a-c). The shape
of CV curve of samples confirms the presence of redox
peaks in their cathodic and anodic peak current density
within the different scan rates and indicates clearly that
these nanomaterials having pseudocapacitive characteristics
[42]. The CV curve exhibits a shape that is approximately
rectangular, providing evidence for the faradic nature of the
materials. The below formula [43] is used to compute the
maximum specific capacitance of nanomaterials.

C =
Q

m ·∆V
(3)

In this context, C represents the specific capacitance, Q
denotes the average charge observed throughout both the

anodic and cathodic scans, m signifies the mass of the active
material, and ∆V represents the applied potential range.
CuO and Co3O4 each exhibit pseudocapacitive behaviour,
where charge storage occurs through redox reactions. The
hybrid structure benefits from the combined pseudocapaci-
tive effects of CuO (Cu2+ to Cu3+ and Cu+ transitions) and
Co3O4 (Co3+ to Co4+ transitions), enhancing the overall
capacitance. The interface between CuO and Co3O4 creates
unique electronic environments, facilitating efficient charge
transfer and reducing the charge transfer resistance. This
synergy enhances the electrochemical reaction kinetics, con-
tributing to higher specific capacitance.
The synergistic effect in CuO-Co3O4 hybrid nanoparticles
likely arises from several factors that enhance their overall
electrochemical performance compared to the individual
components. CuO and Co3O4 have different electrochemi-
cal behaviours that complement each other. CuO provides
high specific capacitance due to its pseudocapacitive na-
ture, while Co3O4 offers excellent electrical conductivity
and stability. The combination of these properties results
in a material that benefits from both high capacitance and
good conductivity. The hybrid structure facilitates efficient
electron and ion transport. The Co3O4 matrix can provide a
conductive network that improves electron mobility, while
the dispersed CuO nanoparticles ensure ample electroactive
sites for ion storage. This dual network enhances the overall
charge storage and transfer efficiency. The incorporation of
CuO into the Co3O4 matrix can improve the structural sta-
bility of the composite material. The hybrid nanoparticles
often exhibit a higher surface area compared to individual
oxides, providing more active sites for electrochemical re-
actions and improving capacitance.
The maximum specific capacitance of these materials with
different scan rates is plotted in figure 6(d) and shown in
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Figure 6. CV analysis of (a) CuO nanoparticle, (b) Co3O4 nanoparticle, (c) CuO/Co3O4 composite, (d) Specific Capacitance
of synthesized nanomaterials at various scan rates.

Table 1. The specific capacitance decreases with increasing
scan rates, which is a typical behaviour for supercapacitor
materials. At lower scan rates, the ions have sufficient time
to diffuse into the deeper active sites of the electrode mate-
rial, resulting in higher capacitance values. Conversely, at
higher scan rates, the ion diffusion is limited to the surface
of the electrode material, leading to a decrease in capaci-
tance. In addition, with increasing in scan rate (5, 10, 25,
and 50 mV/s) the capacitance values decrease due to the in-
ability of electrolyte ions to intercalate with the electrode ac-
tive materials at higher scan rates. The new data underscore

the hybrid nanoparticles’ superior rate capability compared
to the individual oxides, maintaining higher capacitance
retention at elevated scan rates. This characteristic is crucial
for practical applications where fast charge-discharge cycles
are required, such as in power backup systems and electric
vehicles.
Our study contributes to this research landscape by synthe-
sizing and characterizing CuO, Co3O4, and CuO-Co3O4
hybrid nanoparticles using a sol-gel method. By comparing
our findings with existing literature, we highlight the unique
aspects of our synthesized materials, such as their specific

Table 1. Specific capacitance at various scan rates.

Scan Rate (mV/s) CuO Specific
Capacitance (F/g)

Co3O4 Specific
Capacitance (F/g)

CuO/Co3O4 Specific
Capacitance (F/g)

5 204 252 384

10 196 246 380

25 184 232 366

50 174 208 336
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morphology, phase purity, and electrochemical performance
metrics. The inclusion of this comparison underscores the
novelty of our study and positions it within the current re-
search forefront on advanced materials for supercapacitor
applications.
We recognize the importance of further optimizing the syn-
thesis parameters to enhance the performance of the CuO,
Co3O4, and hybrid nanoparticles. As part of our future
research, we plan to conduct systematic studies to inves-
tigate the effects of varying precursor concentrations, pH
levels, reaction temperatures, aging times, and calcination
temperatures on the morphology, size, crystallinity, and
functional properties of the nanoparticles and the electro-
chemical performance of these materials under different
cycling conditions and with other advanced characterization
techniques.

4. Conclusion
In summary, this research underscores the promise of CuO,
Co3O4, and their hybrid nanoparticles synthesized through
the sol-gel approach as effective materials for supercapac-
itors. The synthesis method demonstrated effectiveness
and flexibility in controlling the shape, structure, and com-
position of the resulting nanoparticles. Through deliber-
ate adjustments in synthesis variables such as precursor
concentrations, reaction temperatures, and durations, we
could fine-tune the characteristics of CuO, Co3O4, and CuO-
Co3O4 hybrid nanoparticles. CuO nanoparticles displayed
a specific capacitance of 204 F/g, while Co3O4 nanopar-
ticles showed 252 F/g at a scan rate of 5 mV/s. Notably,
the CuO-Co3O4 hybrid nanoparticles revealed a significant
specific capacitance of 384 F/g, highlighting the advanta-
geous combined effects of hybridization. These observed
synergies in the hybrid nanoparticles offer improved energy
storage capabilities, positioning them as promising options
for the next generation of supercapacitor technologies. This
study contributes valuable insights into the manufacturing
and electrochemical performance of nanomaterials based
on transition metal oxides, thus advancing the field of en-
ergy storage technologies. In conclusion, the synthesis and
characterization of CuO, Co3O4, and CuO-Co3O4 hybrid
nanoparticles have demonstrated their significant potential
for high-performance supercapacitors. Moving forward con-
tinued research efforts focused on optimization, advanced
characterization, and exploring diverse applications will be
crucial in harnessing the full capabilities of these nanomate-
rials for future energy storage technologies.
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