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Copper oxide-based nanocomposites are promising electrode materials for high-performance
supercapacitors due to their unique properties that aid electrolyte access and ion diffusion to the
electrode surface. Herein, a facile and low-cost synthesis in situ strategy based on co-precipitation and
incorporation processes of reduced graphene oxide (rGO), followed by in situ oxidative polymerization
of aniline monomer has been reported. CuO@Cu,03/rGO/PANI nanocomposite revealed the good
distribution of CuO@Cuys0O3 and rGO within the polymer matrix which allows improved electron
transport and ion diffusion process. Galvanostatic charge—discharge (GCD) results displayed a higher
specific capacitance value of 508 F g~ for CuO@Cu4Os/rGO/PANI at 1.0 A g~ in comparison to the
pure CuO@Cu40s 278 F g~ CuO@Cu4O3/rGO/PANI displays an energy density of 23.95 W h kg~ and
power density of 374 W kg™* at the current density of 1 A g~* which is 1.8 times higher than that of
CuO@Cu,405 (13.125 W h kg™ at the same current density. The retention of the electrode was 93% of its
initial capacitance up to 5000 cycles at a scan rate of 100 mV s The higher capacitance of the
CuO@Cu403/rGO/PANI electrode was credited to the formation of a fibrous network structure and rapid
ion diffusion paths through the nanocomposite matrix that resulted in enhanced surface-dependent

rsc.li/rsc-advances electrochemical properties.

1 Introduction

Recently, there have been huge demands for renewable energy
storage devices in daily life. Supercapacitors (SCs) are the main
elements of energy storage worldwide because they possess
a higher power density, significantly longer lifetimes, and rapid
charge-discharge rate.”” In general, SCs can be classified into
electrical double-layer capacitors (EDLCs), pseudo-capacitors
(PCs), and hybrid capacitors (HCs).** In EDLCs, the charge is
stored electrostatically via reversible ion adsorption by forming
an electric double layer at the porous carbon electrode-elec-
trolyte interface. In contrast, the PCs store faradaic charges by
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reversible redox chemical reactions that occur at the surface of
the active materials such as conducting polymers (CPs), tran-
sition metal hydroxides (MHs), and oxides (MOs). By combining
the EDLC and PC concepts, hybrid supercapacitors (HSCs) have
emerged which can be prepared by a combination of a porous
carbon electrode and metal oxide material. This combination of
an electrode provides both high specific energy and high
specific power as well as high cyclability and long cycle
lifetime.*”.

Over the past decades, more efforts have been made to
enhance the performance of the SCs which is fully dependent
on the electrochemical properties of the electrode materials.
The excellent electrode has a large specific surface area, high
electrical conductivity, and good electrolyte wettability.*° Elec-
trode with a high surface area and high conductivity provides
more electroactive sites and faster charge transfer for faradaic
reactions as well as storing more double-layer charges.*

Cupric oxide (CuO) (tenorite) is a very attractive material for
electrochemical applications due to its unique properties of
good chemical stability, multiple oxidation states, desirable
electrical conductivity, good theoretical specific capacitance,
wide potential window, and fast faradaic redox reaction.'>** In
addition, it is inexpensive, abundant, low toxicity, and easy to
fabricate.' CuO is a well-established copper oxide material that
has been extensively studied in the context of supercapacitors.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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In contrast, Cu,O; (paramelaconite) is a less explored copper
oxide phase with unique properties. It is a rare black-colored
material that crystallizes in the tetragonal crystal system.* It
exhibits properties of a p-type semiconductor oxide, with
a direct band gap of 2.34 eV and an indirect band gap of 1.50 eV,
allowing it to absorb visible light effectively.** The unique aspect
of Cu,0; lies in its mixed-valence copper(,i) oxide structure, as
it contains both Cu'* and Cu”" oxidation states.'® Positioned
between cuprite (Cu,O) and tenorite (CuO), it is classified as
a binary copper oxide. Cu,O; demonstrates a range of applica-
tions stemming from its distinctive structures, electronic
configuration, and physicochemical properties.*® Cu,O; serves
as a photocatalyst for diverse chemical reactions. Its antibac-
terial and cytotoxic properties make it valuable in medical
applications. Furthermore, researchers have explored its
potential in energy storage systems, such as Li-ion batteries,
and its use as a material in magnetic spintronics. However, the
synthesis of Cu,O; faces significant challenges due to the
difficulty in stabilizing both Cu(i) and Cu(u) states simulta-
neously.” This limitation hinders extensive research and prac-
tical applications, impeding the realization of its full potential.
The electrode materials containing both CuO and Cu,0O; phases
can enhance supercapacitor performance. This improvement
can be attributed to the synergetic effects between the two
phases. Integrating CuO with carbon nanomaterials has proved
to be an efficient method for preparing excellent electro-
chemical devices.'®" Among different EDLCs carbon nano-
materials, reduced graphene oxide (rGO) has great potential for
supercapacitor applications because of its excellent properties
such as high cycling stability, high surface areas, high chemical
stability, good electrical conductivity, strength, and
tailoring.?*"** On the other hand, graphene is often composed of
a high number of graphitic stacks that are layered one on top of
the other and have very little interlayer space in between.
Consequently, graphene's capacitive performance as an elec-
troactive material is limited since the electrical double-layer can
only form on its outer surface.** Furthermore, the strong m-m
interactions among neighboring sheets cause graphene sheets
to re-stack and aggregate, reducing its high surface area and
limiting the accessibility of electrolyte ions to the active sites of
individual graphene sheets. These factors ultimately result in
a major reduction in the capacitance of graphene sheets.

To improve the specific capacitance of graphene, its surface
area must be accommodated with the abundant ions at the
electrolyte/electrode interface, which causes the increment of
the electrical double-layer capacitance. So, incorporating metal
oxide nanoparticles as spacers between graphene sheets by
fabricating graphene/metal oxide nanocomposites is a prom-
ising solution to address this issue.*® Therefore, the combina-
tion of CuO@Cu,0;/rGO can form an electron-conducting
network with a short charge diffusion path that enhances the
charge transfer process and improves the supercapitance
performance.>**”

Much previous literature has reported the supercapacitance
performance of the CuO nanomaterial electrodes. For example,
Shivaji et al. reported a specific capacitance of 57.44 F ¢~ for
CuO film in 1.0 M KOH electrolyte deposited by the
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electrodeposition protocol."* Kamatchi et al.® presented a CuO/
rGO hybrid nanocomposite with a specific capacitance of 326 F
g ' at a current density of 0.5 A g~ . In related studies, Miao-
miao et al. showed that the capacitance for CuO/G was 213.05 F
g ! (ref. 29) while Ju et al.* synthesized CuO/Cu,O/rGO nano-
composite by the hydrothermal method and the composite
exhibits a specific capacitance of 470 F g™ at a current density
of 1.0 A g~ ". In addition, Xiangmao et al.?* prepared rGO/Cu,0/
Cu as an electrode for a supercapacitor in 1.0 M KOH aqueous
solution with a specific capacitance of 98.5F g 'at1.0Ag ' and
Anand et al.** reported a specific capacitance of 493.75 F g~ * for
CuO/PANI structure in 0.5 M H,SO, solution. Unfortunately,
these electrode materials suffer from relatively poor electro-
chemical efficiency due to their low electrical conductivity, high
charge-transfer resistance, unstable cycling stability, and low
cycling lifetimes.*

Today, incorporated inorganic materials in conductive
polymers (CPs) matrix receive considerable attention to achieve
better supercapacitive performance.* Polyaniline (PANI) is one
of the most common conducting polymers due to its distinct
superior chemical properties, good mechanical stability,
appropriate electrical conductivity, and redox electroactivity
process.** However, PANI during the charge/discharge process
is mainly poor due to the degradation during long-term elec-
trochemical cycle life as a result of low corrosion resistance. It is
expected the incorporation of CuO@Cu,0;3, rGO, and PANI
materials in one nanocomposite can increase the super-
capacitive activity through faradaic reactions, inhibit corrosion,
and reduce interfacial resistance. The final properties of nano-
composites depend not only on the properties of the individual
components, but also on the homogeneity of the dispersibility
of the inorganics, and the interfacial between the interacted
components.

Herein, we report a new attempt to incorporate copper oxide/
reduced graphene oxide/polyaniline (CuO@Cu,0;/rGO/PANI)
nanocomposite electrodes for supercapacitor application. To
the best of our knowledge, the CuO@Cu,03/rGO/PANI nano-
composite as a supercapacitor electrode achieved a significant
capacitance measurement than other previously reported liter-
ature. The structural and physical properties are fully investi-
gated using X-ray diffraction (XRD) analysis, Fourier-transform
infrared (FTIR) spectroscopy, and scanning electron (SEM)
microscopy. The electrochemical and supercapacitance prop-
erties of the CuO@Cu,03/rGO/PANI samples were investigated
through cyclic voltammetry, charge/discharge, and electro-
chemical impedance spectroscopy techniques.

2 Experimental work

2.1. Chemicals and materials

Potassium permanganate (KMnO,), sodium nitrate (NaNOj3),
copper(u) chloride dehydrate (CuCl,-2H,0), and H,0, were
purchased from Al Nasr Company, Egypt. Hydrochloric acid
(HQL), sulfuric acid (H,SO,), aniline monomer, and ammonium
persulfate (APS, HgN,03S,) were obtained from Sigma-Aldrich.
Graphite powder was procured from Merck, Germany.
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2.2. Preparation of CuO@Cu,0;

The preparation of CuO@Cu,0; was executed by dissolving 10 g
of copper(u) chloride dehydrate (CuCl,-2H,0) powder in 20 ml
deionized water that was placed in a porcelain crucible and
thermally decomposed at 550 °C in the air for 3 h to obtain
CuO@Cu,0;. Then the CuO@Cu,0; deposit was collected
and minced in porcelain mortar and kept in a desiccator for
further use.

2.3. Preparation of rGO

Firstly, the graphene oxide (GO) was prepared by adding about
2 g of graphite flakes into 200 ml of H,SO, (98%) in a glass
beaker. Subsequently, KMnO, and NaNO; were added and left
to react for 5 h. Then, 500 mL of deionized water was added to
the mixture, followed by the addition of H,O, under stirring for
1 h. The obtained mixture was bright yellow, an indication of
GO formation. The obtained GO solution was filtered and
repeatedly washed with diluted HCI and deionized water until
the pH of the solution became 7. Finally, the solution was
centrifuged and dried for 12 h at 60 °C to obtain GO powder. GO
was reduced into rGO using hydrazine hydrate following the
literature.***” The rGO was successively precipitated out and the
obtained black powder was washed, filtered, and dried.

2.4. Preparation of CuO@Cu,0;/PANI and CuO@Cu,0;/
rGO/PANI nanocomposites

In a typical synthesis, 1.0 ml of aniline monomer was dissolved
in 4.0 ml of HCI and 100 ml of deionized water for 1.0 h. About
2.7 g of APS and 0.5 g of CuO@Cu,0; were suspended in 100 ml
of deionized water using sonication. The polymerization reac-
tion is carried out by mixing the aniline and APS/CuO@Cu,0;
solutions at room temperature for 1.0 h. Finally, the resultant
nanocomposite was filtered, washed, dried, and collected for
studies. The CuO@Cu,0;3/rGO/PANI nanocomposite was
prepared following the above CuO@Cu,03/PANI
composite synthesis procedure but with the addition of 0.05 g of
rGO. Finally, the resultant nanocomposite was filtered, washed,
dried, and collected for studies.

nano-

2.5. Physicochemical characterizations of the CuO@Cu,03/
rGO/PANI nanocomposites

The prepared samples were analyzed using the X-ray diffracto-
gram (XRD, Rigaku D/Max 2500), at 40 kV and 30 mA. The inter-
layer spacing (d-spacing) and crystal size (D) are calculated by
using Bragg and Sherrer equations. Fourier transform infrared
spectroscopy (FT-IR, NICOLET 6700) was used to check the
functional group attached to the prepared materials. The
morphology of the prepared samples were recorded using field
emission scanning electron microscopy (FESEM, ZEISS,
EVOMAL10).

2.6. Electrodes preparation and electrochemical
measurements

In a typical experiment, the substrate was made of graphite (G)
paper with an area of (1.0 x 1.0 cm?) was cleaned with ethanol,
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then dried at 60 °C for 30 minutes. The nanocomposite ink was
prepared by mixing 2.0 mg of each sample in 400 pL of 1: 2 (v/v)
isopropanol/water containing 20 pL of 5.0 wt% Nafion solution.
Then the ink mixture was placed in the ultrasonic bath for
30 min to obtain homogenous suspension. The nanocomposite
electrode was prepared by applying mass loading of 1 mg onto
flexible graphite paper and allowed to dry at 60 °C using a hot
air oven.

The electrochemical measurements were conducted using
an electrochemical workstation (CHI660E) in a three-electrode
mode using a 100 ml glass cell and under ambient conditions
of 25 °C and 1.0 atmospheric pressure. The Ag/AgCl electrode
was used as the reference electrode while the Pt mesh (1.0 x 1.0
cm?®) as a counter electrode in 1.0 M KOH as an aqueous elec-
trolyte. The cyclic voltammetry and charge-discharge cycling
tests were carried out at variable scan rates and different current
densities. The electro-active materials were analyzed by elec-
trochemical impedance spectroscopy in the frequency range
between 0.1 Hz and 100 kHz.

The specific capacitance (Cy, F g~ ') was calculated using the
following:

Ixt

C:mXAV (1)

where I is the discharge current (A), ¢ is the discharge time (s), m
is the mass of active material (g), and AV is the potential change
during the discharge process (V).

Energy density and power density can be calculated accord-
ing to the following equation

1

_ 1t 2
E=5CalV 2)
E
p=_
At G)

3 Results and discussion
characterization

3.1. Physicochemical characterizations of the CuO@Cu,0;/
rGO/PANI nanocomposites

Fig. 1 displays the XRD patterns of the prepared pure
CuO@Cu,0;, PANI, and CuO@Cu,03;/rGO/PANI nano-
composites. The XRD pattern of pure copper oxide (black line)
fabricated by thermal oxidation of copper(u) chloride in the
ambient atmosphere for 3.0 h at 550 °C. This XRD exhibited
many sharp diffraction peaks indicating a polycrystalline
structure with two main phases of CuO (tenorite) and Cu,O3
(paramelaconite). The phase of CuO has the highest intensity
peaks, which means that it is the most dominant phase. Most of
the XRD peaks belong to CuO phases (tenorite) with monoclinic
structure and space group C2/c based on card numbers JCPDS
00-045-0937 and JCPDS 00-001-1117.**%° Moreover, the XRD
exhibited three main peaks at 20 of 33.62, 36.04, and 49.88°
ascribed to the (110), (—111), and (—202) Bragg reflections,
respectively. Many peaks of the CuO were detected at 26 = 41.33,
58.03, 72.34, and 75.89° with Miller's index (002), (202), (311),

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 The XRD patterns of as-prepared CuO@Cu403, rGO, PANI, and
CuO@Cuy403/rGO/PANI.

and (004), respectively. Besides, some peaks match to Cu,O3
phase located at 26 = 54.57, 62.85, and 64.42° corresponding to
diffraction planes (303), (314), and (206), respectively. The peaks
of the Cu,0; match with the tetragonal structure of pace group
141/amd following JCPDS card number 96-900-0604.

In the case of rGO, the XRD pattern (red line) shows an
intense broad peak at 25.24° and a small peak at 43.16° which
ascribed to (002) and (111) planes, respectively.** The (002)
diffraction plane indicates the distance between rGO layers while
the (111) diffraction plane indicates the short-ranger order of
stacked G sheets.** The broadening of peaks means the stacking
of rGO was not well ordered due to the lattice distortion of
graphite that occurs during oxidation by KMnO,** Also, the
broad peak may be attributed to very thin G layers due to the high
degree of exfoliation and formation of a single or only a few
layers of G sheets. The interlayer distance for the plane (002) was
about 0.34 nm which showed the removal of oxygen moieties
during the reduction process and good arrangement of the
interlayer distance of G sheets.>® The plane (001) is ascribed to
the turbostratic band of disordered carbon materials** which
confirms the formation of rGO sheets with considerably reduced
oxygen content in the graphite precursor. The XRD pattern of
PANI (blue line) revealed a semi-crystalline in nature with two
characteristic diffraction peaks of PANI appeared at 26 = 20.35°
(021) and 26 = 25.78° (200) corresponding to the perpendicular
and parallel polymer chain periodicity respectively (JCPDS card
no. 00-053-1891). The crystallinity may be ascribed to the dupli-
cation of quinoid and benzenoid rings in PANI chains.

For CuO@Cu,0;/rGO/PANI nanocomposite (green line of
Fig. 1) all peaks of CuO@Cu,0; appeared in the XRD pattern
with a change in intensity. In addition, a new small sharp
diffraction peak was observed at 24.28° as an overlap between
the peaks of G and PANI. This shows PANI and graphene's
interaction and peaks were merged in the nanocomposite. The
average crystal size for the main peaks (110), (—111), and (—202)
of CuO@Cu,0; increased from 541.86 A to 595.54 A after the
formation of CuO@Cu,0;3/rGo/PANI nanocomposite, respec-
tively. This indicates enhancing the crystallinity of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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nanocomposite that plays an important role in nanomaterials’
physical and chemical properties.

FTIR spectra of the prepared materials recorded within the
range of 400 to 4000 cm™ ' at room temperature are presented in
Fig. 2. The wide absorption band of CuO@Cu,0; (black line)
located at 3400 cm " attributed to the hydroxyl functional group
(OH) as a result of adsorbed water molecules from the air. The
two infrared absorption peaks at 559 and 465 cm™ " are due to the
symmetric and asymmetric stretching of Cu-O vibrational
modes which are in good agreement with the previous works.***
The IR peak at 559 matches the diffraction plane (202), which
indicates the formation of the monoclinic CuO phase.

FTIR spectrum of PANI (blue line) shows an absorption band
around 3413 cm™' matching with N-H stretching vibration
mode of secondary amine. The absorption at 1478 is ascribed to
C=N stretching vibrations in aromatic quinonoid units of PANI
rings.*® The presence of many bands in the range of 1100-
1500 cm ™ reflects the oxidized form of PANI. In addition, two
more bands appear at 1240 and 1119 cm ™" originating from the
vibrational modes of symmetric C-N stretching and -NH-—
group of PANL.* However, the peak at 1295.86 cm ™' is ascribed
to aromatic amine C-N stretching vibration in the benzene ring.
The bands in the range 1200-500 cm ™" are due to the in-plane
and out-of-plane bending of C-H in the aromatic ring. More-
over, the modes between 800-500 cm ™ are assigned to the para
substitutions, ortho substitutions, and 1,3-disubstitution in the
benzene ring, which agreed well with the PANI FTIR spectra
reported in the literature.*

The FTIR spectrum in Fig. 2 shows many characteristic peaks
of rGO (red line).*** The O-H stretching vibrations appeared at
3389 cm™ ' which means fully reduced graphene sheets due to
deoxygenation. The broad bands between 2500 and 3200 cm ™
are from carboxyl COOH functional groups forming hydrogen
bonds. The rGO exhibits a low-intensity peak around 1715 cm ™"
indicating the presence of some C=0 stretching of the carboxylic
group. rGO possesses peaks located at 1549 and 1661 cm ™'

= CUO@Cu ,,0,
4 e rGO
- e PANI
S e CUO@Cu,,0,/rGO/PANI
o 3510cm’ 1715cm’,
O -
c
©
g
=
E 3413 cm!
e
~E 1478cm’™ 240 crys
S .
- 3389cm”" 980m
1715cm’
3400cm” 550cm”

4000 3500 3000 2500 2000 1500 1000 500
Wave number Cm-!

Fig. 2 FTIR spectra of the prepared CuO@Cu40s, rGO, PANI, and
CuO@Cus03/rGO/PANIL.
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attributed to C=C and C=C stretching in the graphene struc-
ture. The bands at 1150 and 1120 cm ™" showed C-O stretching of
the epoxide and C-N stretching of the amine which indicates the
formation of sp> honeycomb-like structure of rGO.

FTIR spectrum of the CuO@Cu,05/rGO/PANI nanocomposite
(purple line) shows the presence of Cu-O and N-H bond bands
indicating the successful fabrication of CuO@Cu,03/rGO/PANI
nanocomposite. The shifting of some peaks is because of the
incorporation of inorganic CuO@Cu,40O; into the polymer matrix
while the disappearance of the C=0 group at 1715 cm ™" indi-
cates the complete reduction of GO to rGO.

Fig. 3 shows the scanning electron microscope (SEM) images
of the surface morphology of CuO@Cu,40;, CuO@Cu,03/PANI,
and CuO@Cu40;/rGO/PANI samples. The SEM image in
Fig. 3(a) shows the surface of pure CuO@Cu,0O; has a star-
shaped appearance made up of agglomerated nanorods
surrounding a central point. Moreover, the surface of the star is
covered by small cubic crystals and fragments of nanorods. On
the other hand, the SEM of CuO@Cu,03/PANI in Fig. 3(b)
confirms the embedding of CuO@Cu,O; within the PANI matrix
with CuO@Cu,0O; maintaining its original shape of nanorod
and cubic crystal morphology. While the PANI forms irregular

EHT = 8.00 kV Signal A= SE2

WD= 51mm Mag= 500KX
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micro-particles that appear to be composed of smaller particles
agglomerated together.

Fig. 3(c) depicts the SEM image of the CuO@Cu,03/rGO/
PANI nanocomposite. It reveals the maintained morphology
of the three components: CuO@Cu,03, rGO, and PANI, within
the overlapped matrix. Each part is clearly labeled in the illus-
tration. Upon closer inspection of the high-magnification image
(highlighted in yellow), it is observed that rGO displays a rippled
and wrinkled sheet-like structure. This is consistent with its
inherent flexibility and mechanical properties of rGO. The
presence of these rGO layers separates the agglomerated matrix
of PANI and the rods of CuO@Cu,03, creating a free space that
facilitates electron transfer and ion transport. The successful
integration of CuO@Cu,0;, rGO, and PANI within the over-
lapped matrix plays a crucial role in generating synergistic
effects, ultimately enhancing the overall electrochemical
performance of the nanocomposite.

3.2. Electrochemical behavior and super capacitance
performance of the CuO@Cu,0;/rGO/PANI nanocomposite

Owing to the unique properties of CuO@Cu,0;/rGO/PANI
including high active sites, well-dispersed particles, and good

EHT= 800KV

Signal A= SE2

WD= 48 mm Mag= 1400KX

EHT = 8.00kV
WD= 80mm

Signal A= SE2
Mag= 500KX

Fig. 3 SEM of the prepared samples (a) CuO@Cu40s3, (b) CuO@Cu403/PANI, and (c) CuO@Cu40=/rGO/PANI nanocomposite.
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conductivity, it is expected to be a promising candidate material
for supercapacitor electrodes. To reveal the synergistic effect
between CuO@Cu,03, rGO, and PANI and to show the superi-
ority of CuO@Cu,03/rGO/PANI, the electrochemical perfor-
mance was investigated in comparison to CuO@Cu,0; and
CuO@Cu,403/PANI using a three-electrode system in 1.0 M KOH
solution. Fig. 4(a) compares the cyclic voltammetry (CV) curves
of pure CuO@Cu,03, CuO@Cu,03/PANI, and CuO@Cu,0;/
rGO/PANI electrodes at a scan rate of 10 mV s . Notably,
a pair of redox peaks around 0.4/—0.7 V over the voltage range of
—1to 0.5 have appeared indicating a pseudocapacitive response
of CuO@Cu,0; (black line).>* Additionally, the CV curves of
CuO®@Cu,40;3/PANI displayed an extra three pairs of redox peaks
that confirm the pseudocapacitive behavior of PANI. The peaks
at —0.6/—0.7 are assumed to the redox transitions of PANI from
leucoemeraldine to emeraldine, and peaks at —0.3/—0.45
represent the intermediates presence of hydroquinone/
benzoquinone in a redox reaction, the peaks at 0.3/—0.25
represent the faradaic transformation from emeraldine to per-
nigraniline.**** CuO@Cu,0;3/rGO/PANI show a rectangular
shape with considerable redox features, revealing the combined
electrical double-layer charge storage effect of GO with the redox
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behavior of CuO@Cu,O; and PANIL>* The CV curve of
CuO@Cu,0;3/rGO/PANI at 10 mV s~ ' shows a much larger
integrated area than that of CuO@Cu,0; and CuO@Cu,0;/
PANI, indicating that CuO@Cu,O3/rGO/PANI has a better
capacitive property compared to CuO@Cu,0; and CuO@Cu,0;/
PANI. The enhanced capacitance behavior is assumed to
increase the area of GO layers and the synergistic effect due to
the combination of CuO@Cu,0;, rGO, and PANI. This effect can
be assumed to be the redox reactions conferred by CuO@Cu,0;
and PANI in the electrode, leading to an increase in capacitance
and a decrease in equivalent series resistance (ESR).*
Moreover, the rGO promotes the speed of charge transfer,
high electrical conductivity, and enhanced electrical charge
storage. At a high scan rate of 500 mV s, the CV profile of
CuO@Cu,0;/rGO/PANI still maintains the rectangular shape
well, compared to CuO®@Cu,O; and CuO®@Cu,0O;/PANI
(Fig. 4(b)). Moreover, the CV curves of CuO@Cu,40;/rGO/PANI at
various scan rates from 10 to 500 mV s~ ' showed a typical
rectangular shape with a pair of redox peaks over the voltage
range of —1 to 0.5, indicating significant rate capability.*?
Additionally, as the scan sweep increased the curve integrated
area turned larger with a wider current density as shown in
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Fig.4 (a) CV curves at 10 mV s !scan rate, (b) CV curves at 500 mV s~ ! scan rate, (c) galvanostatic charge—discharge curves at a current density
of 1A g%, and (d) galvanostatic charge—discharge curves at a current density of 20 A for CuO@Cu,0s, CuO@Cu4O3/PANI, and CuO@Cu,Os/

rGO/PANI.
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Fig. S1.T These results imply its superior capacitive nature with
superior ion response and outstanding rate capability.

The galvanostatic charge/discharge (GCD) curves of all elec-
trodes at 1.0 A ¢ ' and 20 A g~ are shown in Fig. 4(c) and (d),
respectively. In addition, Fig. S27 shows the galvanostatic
charge-discharge curves at different current densities for pure
CuO@Cu,03;, CuO@Cu,05/PANI, and CuO@Cu,05;/rGO/PANI
nanocomposite electrodes. The results show a nearly isosceles
triangle charge-discharge shape, at various applied current
densities which further confirms the capacitive reversibility of
all studied samples-based supercapacitors.

Fig. 5 displays the specific capacitance values of CuO@Cuy,-
03, CuO@Cu,03/PANI, and CuO@Cu,0;/rGO/PANI electrodes
as calculated based on the discharge curve and plotted against
different current densities. The specific capacitance at 1.0 Ag™*
of CuO@Cu,0;/rGO/PANI reaches 508 F g~ ', which is much
higher than those of CuO@Cu,0; (278 F g ) and CuO@Cu,O0,/
PANI (327 F g~ ') and other previously reported CuO hybrid
electrodes that reported in Table 1. Moreover, as shown in
Fig. 4(d), it achieves capacitance (133 F g~ ) at 20 A g~ * which is
higher than CuO@Cu,0; (119 F g '), and CuO@Cu,03/PANI
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(110 F g ). As expected, with increasing the current density to
20 A g, the specific capacitance for CuO@Cu,05/rGO/PANI
exceeds those of other electrodes at all applied current densi-
ties. Further evidence for improvement of capacitive behavior
that results from a combination of rGO with PANI and
CuO@Cu,03, measurements of single rGO and single PANI
were conducted as shown in Fig. S3 and S4,f the calculated
specific capacitance at 1.0 A g~ " for rGO and PANI are 71 and 66
F g ', respectively which are much lower than that of
CuO@Cu,0;/rGO/PANL

These results agree with a higher integrated area of the CV
curve of CuO@Cu,0;/rGO/PANI reflecting its superior specific
capacitance. Both the capacitance value and rate capability of
CuO@Cu,0;/rGO/PANI far surpass those of CuO@Cu,0; and
CuO@Cu,05/PANI which could be attributed to the synergy
effect of the graphene EDLC and pseudo capacitance of poly-
meric PANI and copper oxide that offers the improved surface
area and a continuous conducting network for electron
transfer.>

To investigate the cycle stability, the CuO@Cu,03/rGO/PANI
nanocomposite electrode was exposed to 5000 cycles using CV

b)
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Fig. 5

(a) specific capacitances at different current densities for CuO@Cu,03, CuO@Cu403/PANI, and CuO@Cu40=/rGO/PANI, (b) cycling

performance of CuO@Cu,03/rGO/PANI at 100 mV s7%, and (c) Nyquist plots for CuO@Cu403, CuO@Cu,O3/PANI, and CuO@Cu40s/rGO/PANI

measured within the frequency range of from 100 kHz to 10 mHz.
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Table 1 Comparison of the previously reported CuO/polymer composites with our CuO@Cu403/rGO/PANI electrode

Sample name Electrolyte Specific capacitance Ref.
CuO/MnO, 1 M Na,S0, 228 Fg 'at0.25A 57
CuO@MnO, 1 M Na,SO, 343.9F g 'at025A¢g " 58
MnO,/CuO 1M KOH 161.5Fg 'at1Ag " 59
CuO/CNS 1 M Na,S0, 183.9Fg 'at0.1Ag " 33
1 M KOH 3711 Fg 'at1.0A g ™"

PANi/CuO 1 M KCI 294Fg 'at0.05Ag"" 60
3DCu0/GO 1 M Na,S0, 211Fg "at1.0A g™’ 61

CuO,-C 6 M KOH 163 Fg 'at0.1Ag " 62
CuO@Cu,05/rGO/PANI 1 M KOH 508 Fg 'at1.0Ag " This study

at a scan rate of 100 mV s~ " in 1.0 M KOH solution as shown in
Fig. 5(b). The CuO@Cu,05/rGO/PANI nanocomposite shows
high cycle stability with up to 93% retained capacitance of its
initial value. The high capacitance retention is assumed to be
the presence of rGO layers which confer conducting paths for
electron flow, and the incorporation of CuO@Cu,0; nanorods
within the conductive PANI matrix creates extra active sites
during the CV test and increases electron mobility through
CuO@Cu,05/rGO/PANI skeleton.

To further understand the improved capacitance perfor-
mance with facilitated ion and electron transfer kinetics within
CuO@Cu,40;3/rGO/PANI nanocomposite, the electrochemical
impedance spectroscopy (EIS) analysis was conducted for all
electrodes in comparison and the results are shown in Fig. 5(c).
All studied electrodes displayed a semi-depressed circle at
a higher frequency rate, followed by one line at the lower
frequency end. Clearly, the CuO@Cu,05/rGO/PANI electrode
shows much steeper linear gradients in the low-frequency
sloped region than the pristine CuO@Cu,0; and CuO@Cu,-
O3/PANI electrode (Fig. 5(c)), implying a faster ion diffusion
than other samples. The intersection of the curves on the Z' axis
indicates the total resistance of the electrode/electrolyte system
which combines the intrinsic resistance of active material, the
contact resistance between the active material and the current
collector, and the electrolyte resistivity system.®

To further evaluate the performance of CuO@Cu,05/rGO/
PANI as an electrode material for supercapacitors, the electro-
chemical analysis was also conducted using a symmetric cell.
Fig. S51 presents the CV curves of the symmetrical super-
capacitor at different scan rates in the potential windows of —1-
0.5 V. The CV curves of CuO@Cu,05;/rGO/PANI maintain an
optimal rectangular shape even at a high scan rate of 500 mV
s, pointing to the high-rate performance and good capacitive
behavior.® The charge-discharge curves in Fig. S6t for
CuO®@Cu,03, CuO@Cu,05/PANI, and CuO@Cu,0;/rGO/PANI
display quasi-triangular shape due to the contribution of the
pseudocapacitive and EDLC behavior of the electrode materials
owing to the presence of rGO, PANI, and CuO@Cu,0;. It is
observed that increasing current density causes decreasing of
charging/discharging time. This behavior is attributed to the
requirement of less time for the attainment of the same
potential difference across the two electrodes at a higher
current density value.>® Obviously, the CuO@Cu,03/rGO/PANI
achieved the highest specific capacitance of 155 F g ' as

© 2024 The Author(s). Published by the Royal Society of Chemistry

compared to 88 F g ' for CuO@Cu,0;, and 100 F g~ for
CuO@Cu,03/PANI at 1 A g~ *. The increment of specific capac-
itance from 88 F g' in CuO@CusO; to 153 F g ' in
CuO@Cu,0;/rGO/PANI which is almost 1.7 times could be
credited to the synergy of electric double-layer capacitance and
pseudo capacitance. As previously indicated for CuO@Cu,03/
rGO/PANI, the large exposed surface area of CuO@Cu,0; in
open flowers structure, with redox active site contributed to
pseudo capacitance so, the charge/discharge kinetics is quali-
tatively evaluated according to the following equation:

i=a (4)
log(i) = log(a) + blog(v) (5)

where 7 and v are the current density and scan rate, while a and
b are constants, respectively. Generally, the charge storage
process depends on the value of the exponential index b. b = 1
or close to 1 this means electrochemical behavior is a surface-
confined process dominated by electric double-layer capaci-
tance, with fast reaction kinetics. When b is close to 0.5, the
mechanism is a diffusion-controlled reaction and the dominant
electrochemical behavior is pseudo capacitance with slow
reaction kinetics. Fig. 6(a) presents the relationship of log(i) and
log(»). The calculated b value for CuO@Cu,03;, CuO@Cu,03/
PANI, CuO@Cu,03/rGO/PANI ranged from 0.47 to 0.60 in the
charging process and ranged from 0.60 to 0.63 in discharging
process which confirm the electrochemical behavior is domi-
nant by pseudo capacitance.>*

Trasatti method was used to calculate the percentage of
contribution of both capacitances electric double-layer capaci-
tance (Cgpr) and pseudo capacitance (Cpc) towards the total
specific capacitance.® It includes the plotting of the inverse of
specific capacitance (1/C) against the square root of scan rate
(Fig. 6(b)). According to eqn (6) the Y-intercept of the linearly
fitted line in the low scan rate region (Fig. S71) provided the
inverse of the total specific capacitance (Cr) of the electrode
materials. Moreover for calculating the Cgpy, the specific
capacitance (C) is plotted against the inverse of the square root
of the scan rate Fig. 5(c). The value of y-intercept obtained by
plotting the fitted line in a high scan rate region (Fig. S8t)
represents Cgpy, according to the next equations

1 1
E—kl\/;'f'a (6)
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1
C=k 7; + CepL )

The pseudo capacitance (Cpc) contribution was calculated by
subtracting Cgpr, from Cr. where k; and k, are the arbitrary
constants. The percentage contribution of Cgp;, and Cpc for
CuO@Cu,0;, CuO@Cu,05/PANI and CuO@Cu,05;/rGO/PANI
was shown in Fig. 6(d). It is observed that CuO@Cu,O; has
99% Cpc and 1% Cgpr, while CuO@Cu,05/PANI has 96.5% Cpc
and 3.5% Cgp;. Furthermore, on insertion of rGO into the
matrix of CuO@Cu,05/PANI led to the increments of Cgp,
contribution to 10% due to the characteristic EDLC behavior of
rGO as carbonic material.

To evaluate the utility of the prepared electrodes in the
practical application of devices, the power density (Ps) and
energy density (Es) of electrode materials were computed and
the comparison of Ragone plots for CuO@Cu,03, CuO@Cu,03/
PANI and CuO@Cu,03/rGO/PANI was presented in Fig. 7. The
plot evinces that CuO@Cu,03/rGO/PANI achieved the highest
energy density as compared to other prepared electrode mate-
rials. CuO@Cu,03/rGO/PANI displays an energy density of
23.95 W h kg~ ! and power density of 374 W kg™ " at the current

13636 | RSC Adv, 2024, 14, 13628-13639

density of 1 A g~ " which is 1.8 times higher than that of
CuO@Cu,0; (13.125 W h kg™ ') at the same current density.
These results reflect the synergistic effect of the combination of
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rGO into the polymeric matrix of CuO@Cu,O3/PANI. Further-
more, it is outstanding in comparison with previous literature®

4 Conclusion

A low-cost and easily fabricated catalyst for supercapacitors was
prepared. It composed CuO@Cu,0; and rGO with polyaniline
in a homogeneous structure to form a CuO@Cu,03/rGO/PANI
composite. The well-characterized composite has a significant
capacitance value than other previously prepared composites. It
achieved a specific capacitance of 508 F ¢”* at 1.0 A g~ ' and
attained capacitance retention of 93% after 5000 cycle. This was
attributed to the synergy effect of the graphene EDLC and
pseudo capacitance of polymer and copper oxide which offers
improved surface area and a continuous network for electron
transfer. Finally, the excellent energy storage capability shows
that the CuO@Cu,405/rGO/PANI composite could be a prom-
ising electrode material for supercapacitor applications.
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