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Electrochemical energy storage devices are vital for renewable energy integration and the deployment of electric vehicles. Ongoing
research seeks to create new materials with innovative morphologies capable of delivering high specific capacitance for the next
generation of customizable energy devices. Carbon nitride is an excellent candidate for electrochemical energy storage devices;
however, it has limitations such as layer stacking, poor electric conductivity, a restricted number of electroactive sites, and
static electrochemical reaction rates. This research objective is to make porous structures in carbon nitride nanosheets and
integrate them with CuO particles to increase surface area and improve electrochemical performance. The use of thermal
heating, acidic treatment, and hydrothermal processes accomplishes this. Along with X-ray diffraction peaks of the CuO phase,
a prominent peak (002) at 27.67° indicates the presence of graphitic-structured carbon nitride. TEM images show that CuO
particles are evenly attached to the surface of g-C3N4 nanosheets with lattice intervals of 0.336 and 0.232 nm, which are the
(002) and (111) orientations of the g-C3N4 and CuO phases, respectively. Adding CuO nanoparticles to porous g-C3N4
nanosheets avoids layer stacking and provides micro- and mesopore channels, increasing the specific surface area (42.60m2 g-1).
The CuO@ porous g-C3N4 electrode delivered 817 F g-1 of specific capacitance at 1 A g-1 and admirable capacitance retention
(92.3% after 6000 cycles) due to the synergistic impact of its unique composition and structural characteristics. Because of its
outstanding electrochemical performance and fascinating discoveries, CuO@ porous g-C3N4 may be employed as a cathode
material for high-performance supercapacitors.

1. Introduction

Pollution-free, renewable energy storage technologies with
substantial energy and power densities are essential for
advancing civilization and globalization because of the
energy crisis in conventional fuels such as coal, oil, and nat-
ural gas, as well as those creating environmental degrada-
tion and global warming, which severely impact seasons

and living species [1, 2]. As a result, researchers have been
concentrating on electrochemical energy storage devices
that are unaffected by the seasons and climate. Supercapaci-
tors are appealing options for energy storage systems due to
their fast charge-discharge features, high power density, eco-
logical friendliness, and cheap cost [3–5]. However, its perfor-
mance is primarily affected by the electrode’s morphological
and electrochemical features. As potential supercapacitor
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materials, carbonaceous materials, conducting polymers,
transition metal oxides, MXenes, metal hydroxides, and sul-
fides are being investigated. Despite the fact that particle size
reduction provides remarkable physiochemical properties, it
will be used in a variety of applications in the electrical, med-
ical, and military sectors [6–9]. On the other hand, nanopar-
ticles have an immense specific surface area, enabling them
to transport and retain more ions.

Two-dimensional (2D) layered structures have a larger
surface area, increasing the number of electrochemically
active sites and enhancing reaction kinetics. It also has a
low effective mass, which promotes mobility and reduces
the bulkiness of any gadget produced from these materials
[10, 11]. In this regard, the scientific community is interested
in polymeric two-dimensional graphitic carbon nitride (g-
C3N4) semiconductors due to their exceptional thermal sta-
bility, electronic structure, high nitrogen content, organic
degradation, photocatalysis, water degradation, nontoxicity,
and long-term cycling stability in supercapacitors. The g-
C3N4 is made up of p-conjugated graphitic orientations
formed by the sp2 hybridization of carbon and nitrogen
atoms. Unfortunately, the existence of Van der Waal forces
between these 2D structures results in laminated sheets with
critical issues such as lower conductivity, restricted inter-
layer spacing, which degrades mass, and ion transport,
resulting in reduced active material utilization and poor rate
performance [12–15]. Recently, several engineering approaches
have been used to adjust structural and compositional tailor-
ing tactics in order to increase electrochemical performance.
For example, Ma et al. used in situ oxidative polymerization
tracked by direct reduction of Ag+ to silver particles
decorated on PANI/g-C3N4 composite and reduced g-C3N4
stacking, resulting in an Ag/PANI/g-C3N4 electrode with
797.8 F g-1 specific capacitance and 84.43% retention after
1000 cycles [16]. Kavil et al. developed metal oxide (CuO,
Co3O4)-distributed graphitic carbon nitride composites by
direct precipitation. The obtained g-C3N4/Co3O4 electrode
has a higher specific capacitance (201 F g-1) than the g-C3N4
electrode (72 F g-1) [17]. Similarly, Nabi et al. developed a
TiS2/g-C3N4 composite via hydrothermal synthesis by insert-
ing TiS2 into g-C3N4 and suppressing stack layer aggregation.
It has strong electrochemical capabilities owing to its reduced
charge transfer resistance and enhanced stability over long
cycles [18]. Ragupathi et al. employed sol-gel synthesis to
investigate manganese sulfide-doped g-C3N4 composites.
The presence of spherical morphology and a lone pair of elec-
trons in the composite boosts the electrode’s conductivity
and electrochemical activity [19]. Kong et al. produced a
hierarchically porous structured boron-doped g-C3N4 elec-
trode material in the form of foam by combining the pore-
templating impact of ionic liquids with the contraction effect
imparted by a thin carbon-layer covering. The produced B-g-
CN800 electrode with a large specific surface area (799.6m

2/g)
displayed 660.6 F/g of specific capacitance with excellent
cycle stability [20]. According to the literature, the composite
of nanoparticles with 2D structures exhibits charming prop-
erties due to the synergistic effect of reducing the stacking
layer and accelerating the charge transport, as well as
improving conductivity, resulting in higher energy and

power densities [10]. This revolutionary work provides
new impetus for the fabrication of electrode materials for
supercapacitors.

Furthermore, another key aspect influencing electrode
performance in energy storage is porosity structure, which
has significant effects on the specific surface area, electronic
conductivity, and electroactive sites. Based on the literature
research, carbon nitride nanosheets were produced in this
work by heating melamine to 550°C and then employing
acid treatment to create porous structures. Finally, metallic
oxide (CuO) particles have adhered to the surface of porous
carbon nitride nanosheets using a simple one-step hydro-
thermal technique. The significance of this investigation is
the creation of porous structures and the decrease of stack-
ing layers, which offer a high specific surface area. To the
best of the authors’ knowledge, no prior study on the fabri-
cation of CuO nanoparticles anchored on porous g-C3N4
(p-g-C3N4) nanosheet electrode materials has been described.
In particular, the CuO@ porous g-C3N4 (CuO@p-g-C3N4)
composite has a larger surface area, porous architecture,
and better crystallinity than porous g-C3N4. Because of the
following benefits, these structures are especially well suited
for the design of high-energy storage systems: (i) increasing
the area of contact between the electrode and electrolyte; (ii)
boosting the number of lone pair electrons, which makes
more electroactive transmission channels and improves the
electrical conductivity of the composite electrode; and (iii)
incorporating CuO particles to the surface of the nanosheets,
which increases the surface area, electronic conductivity, and
faradaic reaction mechanism. The present study is unique in
that it uses acidic treatment to create porous g-C3N4 and
simple hydrothermal synthesis to attach CuO nanoparticles
to the surfaces of sheets. The prepared CuO@p-g-C3N4
nanosheets are employed as electrodes for electrochemical
properties. It outperforms the other reported electrodes in
a three-electrode system in terms of specific capacitance, rate
capability, and cyclic stability.

2. Experimental Section

2.1. Chemicals. Melamine (C3H6N6), hydrochloric acid
(HCl), copper chloride dehydrate (CuCl2.2H2O; 99.99%),
polyvinylidene fluoride (PVDF), nitric acid (HNO3), carbon
black, 1-methyl-2-pyrrolidone, polyvinyl alcohol, nickel
foam, and potassium hydroxide (KOH; ≥85%) are the ingre-
dients of this work. All of the aforementioned components
were supplied by Sigma-Aldrich, Merck, and MTI Corp.
The received components were utilized throughout the
whole work with no further removals.

2.2. Synthesis of p-g-C3N4 and CuO@p-g-C3N4. A ceramic
crucible containing 5 g of melamine was heated at a 5°C/
min rate in a furnace set to 550°C for 4 h. The resulting light
yellow powder was labeled as bulk g-C3N4 and vigorously
agitated for 10h in a mixed solution of 50mL of deionized
water, 20mL of HCl, and 20mL of HNO3 to create pores.
Furthermore, p-g-C3N4 and copper chloride were mixed at
a ratio of 1 : 0.2wt% in 60mL of deionized water and sub-
jected to an ultrasonic treatment process for 1 h. The final
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product is transferred to a 100mL Teflon-lined stainless
steel autoclave and heated to 180°C for 12h. The resulting
precipitate was washed five times with DI water and ethanol
solutions. The precipitation was then dried overnight at
100°C in a hot air oven. The collected final products were
preserved in the glass vials and properly sealed with the
lid. Then, the lid was taped with Teflon and paraffin tape
layers to avoid air contamination. Finally, these packed vials
were kept in the vacuum desiccator to prevent the ingress of
moisture. The resulting p-g-C3N4 and CuO@p-g-C3N4 sam-
ples were used to analyze their microstructural and electro-
chemical properties.

2.2.1. Microstructural Characteristics. The phase and crystal-
linity of the synthesized samples were determined by the X-
ray diffraction (MPD for bulk, 3 kW, PANalytical with
1.5406Å of Cu Kα radiation) technique. Morphology and
elemental analyses were assessed using field emission scan-
ning electron microscopy (FESEM, Hitachi S-4800) and
transmission electron microscopy (TEM, Tecnai G2 F20ST
Win) mounted to the EDS analyzer, respectively. The ele-
mental composition of the sample was evaluated using X-
ray photoelectron spectroscopy (Thermo Scientific using Al
Kα radiation under the pressure of 5 × 10−9 Torr).

2.2.2. Electrochemical Characteristics

(1) Electrode Preparation. To make a working electrode,
80wt% of the active sample, 10wt% of PVDF, and 10wt%
of carbon black are mixed well and formed into a homoge-
neous slurry with the addition of a few drops of N-methyl-
2-pyrrolidinone. The slurry was evenly dispersed throughout
the nickel foam (1 × 1 cm2 area), and the mass loadings of
the p-g-C3N4 and CuO@p-g-C3N4 electrodes are 10 and
16mg cm-2, respectively. A platinum mesh (10 × 10mm)
and Ag/AgCl/3M KCl (Ω Metrohm) are used as counter
and reference electrodes.

The electrochemical properties (CV, GCD, and EIS) of
the synthesized electrodes were investigated at room temper-
ature using a CHI 760 E instrument in a 3M KOH aqueous
electrolyte. The specific capacitance of the synthesized elec-
trodes was estimated using equations (1)–(3) based on the
integral area of the cyclic voltammetry (CV) curves, dis-
charge time, and integral area under the discharge curve in
galvanostatic charging/discharging (GCD) [18, 21, 22].

Cs F/g = I dV
2 ∗m ∗ v ∗ ΔV

, 1

Cs F/g = IdΔt
V

, 2

Cs F/g = 2Id V dt
ΔV2 3

Herein, the parameters IdV (A.V), m (g), Id (A/g), Δt
(s), Vdt (Vs), and ΔV (V) represent the integral area of
the CV curve, the mass of the active electrode, current den-
sity, discharge time, integral area of the discharge curve, and

potential window, respectively. We synthesized each product
twice and validated the phase and elemental composition by
preliminary XRD, SEM, and EDS characterizations. Further-
more, the electrochemical characteristics of the produced
electrodes were investigated three times and provided con-
sistent findings owing to minimal error values (±1~±5 F/g).

3. Result and Discussion

3.1. Microstructural Characteristics. Figure 1 shows the X-
ray diffraction spectra of as-synthesized p-g-C3N4 and
CuO@p-g-C3N4 powders. The X-ray diffraction spikes at
13.20° and 27.41° were ascribed to the (100) and (002) orien-
tations of carbon nitride (g-C3N4 # 01-087-1526). The pres-
ence of a prominent (002) peak implies layer stacking in
conjugated aromatic systems [23–25]. On the other hand,
the lower intensity (100) peak suggests a stratified packing
structure of tri-s-triazine units. Peaks at 32.42°, 35.33°,
38.58°, 48.57°, 53.24°, 58.17°, 61.33°, 66.16°, 67.83°, 72.33°,
and 74.83° are ascribed to (110), (002), (111), (-202), (020),
(202), (-113), (-311), (113), (311), and (004) orientations of
the monoclinic CuO phase (#01-089-5895) with C2/c space
group [26–28]. The presence of an X-ray diffraction (002)
peak at 27.67° confirms the existence of a graphitic structure.
Because of the relatively uniform distribution of CuO parti-
cles over porous g-C3N4 nanosheets, the high-intensity dif-
fraction peaks of CuO particles dominate the intensity of
the (001) peak (disappearance). Also, the presence of both
phases without any deviations in peak positions confirms
that CuO particles and g-C3N4 nanosheets are well mixed
in the composite. The average crystallite size (d) of both
powders was determined using Debye-Scherrer’s formula
[6, 29]:

d = 0 9 λ
β2θ cos θ

, 4

where λ is the wavelength of Cu Kα, β2θ is the full width at
half maxima, and θ represents the diffraction angle (radian).
The predominant peaks were used to compute the average
crystallite sizes of p-g-C3N4 and CuO@p-g-C3N4 samples,
which were 7.9 nm and 17.32 nm, respectively.

The morphological information of the produced p-g-
C3N4 and CuO@p-g-C3N4 samples was captured by FESEM
and is displayed in Figures 2(a)–2(d). All of the images
depict a sheet-like morphology with a porous nature. In
CuO@p-g-C3N4, because of the lower particle size and
homogenous embedding of the CuO particles on the nano-
sheets, the presence of CuO particles in the composite is
not clearly apparent. As a result, the surface morphology of
the samples was clearly shown by TEM (Figures 3(a)–3(f))
examination.

The p-g-C3N4 and CuO@p-g-C3N4 samples have porous
and sheet-like surfaces. Tiny CuO particles are implanted in
the p-g-C3N4 nanosheets in the CuO@p-g-C3N4 composite.
The presence of copper oxide nanoparticles on the porous
g-C3N4 sheets increases the electroactive sites, enhancing
electric conductivity and electrochemical performance.
Figures 3(b) and 3(f) show high-resolution TEM images
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of p-g-C3N4 nanosheets and copper oxide-decorated p-g-
C3N4 nanosheets. The d-spacing between the bright fringes
is 0.336 nm for the (002) planes of p-g-C3N4 (inset down:
Figure 3(f)) and 0.232 nm for the (111) planes of the CuO
phase (inset top: Figure 3(f)), respectively [30]. The SAED
pattern of p-g-C3N4 (Figure 3(c)) shows diffused rings
pertaining to the carbon nitride’s (001) and (002) planes;
however, the d-spacing values are slightly smaller than
the standard data. In CuO@p-g-C3N4, bright spots with
circular rings in the SAED pattern (inset Figure 3(e)) indi-
cate the nanocrystalline structure corresponding to the
(001), (100), (101), (002), and (102) planes.

Figures 4(a) and 4(b) illustrate the corresponding EDS
spectra of p-g-C3N4 and CuO@p-g-C3N4 samples, with the
analyzed area of the sample depicted in the inset figures,
respectively. The exhibited peaks at 0.28 and 0.39 keV in
the lower energy regions of the EDS spectrum ascribed to

carbon (C) and nitrogen (N) elements, as well as two peaks
around 8-9 keV, confirming the presence of the copper
(Kα, Kβ) element from the grid source. Furthermore, addi-
tional peaks at 0.53 and 0.94 keV belong to the oxygen
(Kα) and copper (Cu Lα) elements from the CuO@p-g-
C3N4 sample. Also, the atomic percentage ratio of carbon
to nitrogen in both samples is 3 : 4, confirming the C3N4
phase.

The pore size and specific surface area reveal the revers-
ibility of the reaction as well as the synergistic impact of the
porous C3N4 nanosheet loading with CuO nanoparticles.
The pore size and specific surface area of the materials are
determined using N2 isothermal adsorption/desorption
experiments, as illustrated in Figures 5(a) and 5(b). Accord-
ing to the IUPAC classification, both samples’ adsorption/
desorption isotherms are type IV, with the adsorption curves
in the low-pressure region biased towards the Y-axis, indi-
cating the presence of micropores, and stronger interactions
with the curves in the medium-pressure region, signifying
that sample buildup has produced pore channels in the
mesoporous range. The hysteresis lines in the high-
pressure region are all of the H3 types. This implies that
the stacked pores (macropores) are of the slit kind, which
is also consistent with the porous stacked nanosheets shown
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Figure 1: XRD spectra of porous g-C3N4 and CuO@p-g-C3N4
samples.
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Figure 2: FESEM image of (a, b) p-g-C3N4 and (c, d) CuO@p-g-
C3N4 samples at different magnifications.
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Figure 3: (a) TEM image (inset: TEM with 100 nm scale), (b) HR-
TEM, and (c) SAED pattern of p-g-C3N4; (d) TEM image (inset:
TEM with 50 nm scale), (e) TEM (inset: SAED pattern), and (f)
HR-TEM (CuO (111) d-spacing, inset top; g-C3N4 (002) d-
spacing, inset down) images of CuO@p-g-C3N4.
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in the TEM images. The specific surface areas of p-g-C3N4
particles and CuO@p-g-C3N4 samples were 16.92 and
42.60m2 g-1, respectively.

Pore size distribution graphs of p-g-C3N4 and CuO@p-
g-C3N4 samples are presented in the inset of Figures 5(a)
and 5(b). The pore size of the porous g-C3N4 sample was
primarily between 1.77 nm and 116.8 nm, with an average
pore size of 21.16 nm. The pore size of the CuO@p-g-C3N4
sample varied from 1.78 to 111.4 nm, with an average pore
size of 15.98 nm. The CuO@p-g-C3N4 sample has a higher
pore volume (0.1198 cm3/g) than the porous g-C3N4 powder
(0.0928 cm3/g). The adsorption/desorption isotherms as well
as the pore size distribution of the CuO@p-g-C3N4 sample
make it abundantly evident that the attached CuO nanopar-
ticles increase the number of micro- and mesopores between
the stack layer of the porous carbon nitride nanosheets. This
results in an increase in the sample’s specific surface area
and pore volume. This may improve the electroactive sites,
which is good for electrochemical performance in terms of
specific capacitance and stability.

The chemical structure of existing components on the
surface of the CuO@p-g-C3N4sample was examined using
XPS, as displayed in Figures 6(a)–6(d). The wide-scan survey
spectrum (Figure 6(a)) of the CuO@p-g-C3N4 powder
reveals the presence of C 1s, N 1s, O 1s, and Cu 2p elements
in their binding energy ranges. The peak deconvolution in
high-resolution XPS of C 1s (Figure 6(b)) consists of three
peaks associated with binding energies of 287.5, 286.2, and
284.0 eV, corresponding to the C=N, C-O-C, and C-C bonds
[31]. The N 1s spectrum deconvolution (Figure 6(c)) shows
three peaks with binding energies of 400.3, 399.2, and
397.9 eV ascribed to the bridging nitrogen in N-(C)3 (gra-
phitic), C=N-C (pyrrolic), and =N-bonds (pyridine struc-
tures), respectively [32, 33]. The peak appeared at a
binding energy of 530.8 eV assigned to the oxygen (O) 1s
state. Furthermore, two predominant peaks with binding
energies of 932 eV and 951 eV, as well as satellite peaks, cor-
respond to Cu 2p1/2 and Cu 2p3/2. Each spin-orbit peak
(Figure 6(d)) is deconvoluted into two peaks with binding
energies of 931.8 and 951.6 eV and 933.3 and 953.1 eV,
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Figure 4: EDS spectra of (a) p-g-C3N4 and (b) CuO@p-g-C3N4 powder samples.
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Figure 5: Nitrogen adsorption-desorption isotherms and corresponding pore size distribution curves (inset) of (a) p-g-C3N4 and (b)
CuO@p-g-C3N4.

5International Journal of Energy Research



corresponding to the metal Cu and CuO phases, respectively
[34, 35]. The resolution spectra of the C 1s and N 1s peaks
show the presence of g-C3N4 in the CuO@p-g-C3N4 sample.

3.2. Electrochemical Characteristics. In a 3M KOH aqueous
electrolyte solution, the electrochemical performance of p-
g-C3N4 and CuO@p-g-C3N4 electrodes was investigated
using a three-electrode cell and a CHI 706E electrochemical
analyzer. Figure 7(a) shows the cyclic voltammetry curves of
p-g-C3N4 and CuO@p-g-C3N4 electrodes at a scan rate of
10mV/s. The broad oxidation and reduction peaks in CV
curves, together with the constant ΔEa,c (redox peak differ-
ence), indicate that the electrode material exhibits a pseudo-
capacitive behavior. The generated CV curves typically
feature two separate regions: the area where the current
depends on the potential (intercalation pseudocapacitance-
type mechanism) and the area where the current does not
depend on the potential (surface redox pseudocapacitance
mechanism). Because of the existence of the CuO phase in
the CuO@p-g-C3N4 electrode, the location of the oxidation
and reduction peaks wiggles to a higher value, which is com-
patible with prior works of literature [36]. Besides that, the
CuO@p-g-C3N4 sample has a larger integral area than the
p-g-C3N4 sample, indicating that the CuO inclusion has an
impact on the sample’s current response. The calculated spe-
cific capacitance for both samples using CV curves is 28.76
and 88.07 F/g at a scan rate of 10mV/s, respectively.

The current response of the p-g-C3N4 and CuO@p-g-
C3N4 electrodes at different scan speeds (1-10mV/s) over
the working potential region of 0.0-0.45V is shown in
Figures 7(b) and 7(c)). As the scan rate was raised, the inte-
grated region of the CV curves increased without altering
their form, demonstrating high rate capability. According
to the power law (ip = avb), the parameter “b” (slope) value
from the logarithmic plot of peak current versus scan rate
provides the kinetic information of the electrochemical reac-
tions. Figure 7(d) shows the power law graphs of both sam-
ples, and the determined “b” values are 0.71/0.64 and 0.79/
0.78 (oxidation/reduction peaks), which signifies pseudoca-
pacitive storage kinetics (the larger contribution from capac-
itive controlled processes) [37].

In addition, the faradaic and capacitive current contribu-
tions of the CuO@p-g-C3N4 electrode at different scan rates
were evaluated using the following expression, i.e., I V =
k1v + k2v

1/2 where I V and v are known values and k1
and k2 represent the slope and intercept values from the I
V /v1/2 versus v1/2 graph at the corresponding applied scan
rates [38]. The contribution of diffusion-controlled interac-
tion (39.07%) and surface capacitance (60.93%) was found
for the CuO@p-g-C3N4 electrode at a scan rate of 10mV/
s, as shown in Figure 7(e). The diffusion control and surface
capacitive contributions were 66.97% and 33.03%, respec-
tively, at a scan rate of 1mV/s. Figure 7(f) demonstrates
that the surface capacitive contribution increases and the
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Figure 6: (a) XPS survey spectrum of CuO@p-g-C3N4 powder sample. High resolution of (b) C 1s, (c) N 1s, and (d) Cu 2p spin orbits.

6 International Journal of Energy Research



–30

–20

–10

0

10

20

30

40
Cu

rr
en

t (
m

A
)

@ 10 mV/s

0.0 0.1 0.2 0.3 0.4

Potential (V vs. Ag/AgCl)
Porous g-C3N4
CuO@porous g-C3N4

(a)

–1.0

–0.5

0.0

0.5

1.0

Cu
rr

en
t d

en
sit

y 
(A

/g
)

Porous g-C3N4

0.0 0.1 0.2 0.3 0.4

Potential (V vs. Ag/AgCl)

1 mV/s
2 mV/s
4 mV/s

6 mV/s
8 mV/s
10 mV/s

(b)

–2

–1

0

1

2

CuO@porous g-C3N4

Cu
rr

en
t d

en
sit

y 
(A

/g
)

0.0 0.1 0.2 0.3 0.4

Potential (V vs. Ag/AgCl)

1 mV/s
2 mV/s
4 mV/s

6 mV/s
8 mV/s
10 mV/s

(c)

0.0 0.2 0.4 0.6 0.8 1.0

–1.5

–1.0

–0.5

0.0

0.5

1.0

1.5
b-0.79

b-0.78

b-0.64

Lo
g 

(p
ea

k 
cu

rr
en

t, 
m

A
)

Log (scan rate, mV/s)

b-0.71

Anodic (CuO@porous g-C3N4)

Linear fit

Anodic (porous g-C3N4)
Cathodic (porous g-C3N4)

Cathodic (CuO@porous g-C3N4)

(d)

0.0 0.1 0.2 0.3 0.4

–1.0

–0.5

0.0

0.5

1.0

1.5

Cu
rr

en
t d

en
sit

y 
(A

/g
)

Potential (V vs. Ag/AgCl)

@ 10 mV/s

CuO@porous g-C3N4

Capacitive contribution
Difusion contribution

0.0 0.1 0.2 0.3 0.4

Potential (V vs. Ag/AgCl)

@ 10 mV/s

CuO@porous g-C3N4

Capacitive contribution
Difusion contribution

(e)

1 2 3 4 5 6 7 8 9 10 11
0

20

40

60

80

100

58
.9

2%

50
.3

5%

45
.2

9%

41
.7

6%

39
.0

7%
60

.9
3%

58
.2

4%

54
.7

1%

49
.6

5%

41
.0

8%

66
.9

7%

Cu
rr

en
t c

on
tr

ib
ut

io
n 

(%
)

Scan rate (mV/s)

33
.0

3%

Capacitive
Diffusion

(f)

Figure 7: Continued.
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diffusion-controlled contribution decreases with increasing
scan rate. This is due to the shorter ion interaction time
afforded by the electrode materials at higher scan rates. In
addition, the adsorption of electroactive ions onto the sur-
face or near-surface region of carbon nitride nanosheets
dominates the faradaic reactions from the CuO nanoparti-
cles due to the lower weight percentage of CuO in the
composite (see Figure 7(h)). Therefore, a capacitive charge
storage mechanism dominates the faradaic storage process
by increasing the applied sweep voltage.

Furthermore, the addition of copper oxide particles to
the porous g-C3N4 nanosheets increases the number of elec-
troactive sites (diffusion centers). The electroactive sites in
the faradaic behavior electrode are associated with the
OH─ ion diffusion coefficient, which is evaluated using the
Randles-Sevcik equation [39]:

Ip = 2 69 × 105 × n3/2 × A × DOH− × COH− × v 5

In this regard, the graph between the peak current and
the square root of the scan rate of both electrodes is plotted
and shown in Figure 7(g). The following is the ratio of diffu-

sion coefficients in CuO@p-g-C3N4 and p-g-C3N4 elec-
trodes:

D CuO p−g−C3N4

D p−g−C3N4

=
IP/v1/2 CuO p−g−C3N4

IP/v1/2 p−g−C3N4

2

= 0 95
0 49

2
= 3 76,

D CuO p−g−C3N4
= 3 76D p−g−C3N4

6

The diffusion coefficient estimated for the CuO@p-g-
C3N4 electrode is 3.76 times greater than that of the p-g-
C3N4 electrode. However, the measured specific capacitances
of the p-g-C3N4 electrode were 36.80, 34.55, 33.11, 31.79,
30.33, and 28.76F/g at a scan rate of 1, 2, 4, 6, 8, and 10mV/
s. In addition, the specific capacitances of the CuO@p-g-
C3N4 electrode were 129.77, 121.06, 109.02, 98.96, 93.30, and
88.07F/g for scan rates of 1, 2, 4, 6, 8, and 10mV/s, respec-
tively. It concludes that CuO@p-g-C3N4 has higher specific
capacitance values than porous g-C3N4 electrodes at respective
sweep rates. As a result, it is important to emphasize that CuO
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Figure 7: (a) CV curves of p-g-C3N4 and CuO@p-g-C3N4 electrodes at a scan rate of 10mV/s. (b, c) CV curves of the p-g-C3N4 and
CuO@p-g-C3N4 electrode at various scan rates (1-10mV/s). (d) Log v versus log ip graphs. (e) Square root of scan rate versus peak
current density graphs of p-g-C3N4 and CuO@p-g-C3N4 electrodes. (f) Ratio of the current contribution at different sweep rates of the
CuO@p-g-C3N4. (g) Pseudocapacitive contribution of the CuO@p-g-C3N4 electrode at 10mV/s. (h) Schematic illustration of redox
reactions at CuO@p-g-C3N4 electrode in three-electrode system.
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nanoparticles anchored on porous g-C3N4 nanosheets pro-
mote more electroactive sites and increase charge transfer
dynamics, enhancing the specific capacitance of the elec-
trode. When the scan rate rises, the number of electrolyte
ions accessible to the working electrode decreases, resulting
in a decrease in specific capacitance at higher scan rates.

The electrochemical interaction between the KOH elec-
trolyte and the prepared CuO@p-g-C3N4 electrode is sche-
matically depicted in Figure 7(h) for clarity. Based on the
present CV findings as well as prior experimental results,
the charging and discharging processes in the CuO@p-g-
C3N4 electrode in alkaline (KOH) electrolyte within a poten-
tial window of 0 to 0.45V may be expressed as follows.

(i) When the voltage is scanned from 0 to 0.45V, elec-
trons are released from the electrode. This is because

g-C3N4 interacts with hydroxide ions (OH─) from
the KOH electrolyte to create oxygen-functionalized
g-C3N4 (g-C3N4-O), and the process can be repre-
sented as

gC3N4 + 2OH− ⟶ gC3N4 −O + e− +H2O 7

During the reverse scan from 0.45 to 0.0V, the oxygen-
containing functional groups on the surface of g-C3N4 react
with hydroxide ions (OH─) and gain electrons (e─) to regen-
erate g-C3N4 and produce water (H2O).

gC3N4 −O +OH− + e− ⟶ gC3N4 + H2O 8

(ii) Conversely, the redox peaks indicate that the
attached CuO particles undergo faradaic (Cu+/
Cu2+) redox processes. In the reduction process
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Figure 8: (a) GCD curves of p-g-C3N4 and CuO@p-g-C3N4 electrodes at a current density of 1 A g-1. (b) GCD curves of CuO@ p-g-C3N4
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(0.45 to 0.0V scan), CuO (and/or Cu(OH)2) is con-
verted into Cu2O (and/or CuOH) by a gain of elec-
trons in the cathode peak, while during the
oxidation process (0.0 to 0.45V scan), Cu2O (and/
or CuOH) is converted into CuO (and/or Cu(OH)2)
[40, 41]

CuO + 1
2H2O + e− ↔ 1

2Cu2O + OH−

Cu OH 2 + e− ↔ 1
2Cu2O + 1

2H2O + OH−

CuOH +OH− ↔ CuO +H2O + e−

CuOH +OH− ↔ Cu OH 2 + e−

9

(iii) Another key feature is the porous nature of g-C3N4
nanosheets, which influences ion diffusion kinetics
dependent on pore interconnectivity and effectively
decreases electrode material resistance, affecting
rate capability performance

Another trait known as galvanostatic charge-discharge
can be used to calculate the specific capacitance of the elec-
trodes. This is the temporal response when charging and dis-
charging at various current densities (1–10Ag-1) within the
operating potential window of 0.0–0.42V. Figure 8(a) dem-

onstrates that the CuO@p-g-C3N4 electrode has a longer
charge-discharge lifetime (at 1A/g) than the p-g-C3N4 sam-
ple. Figure 8(b) illustrates the GCD curves of CuO@p-g-
C3N4 electrodes at 1-10Ag-1. During the charging process,
the charges are accumulated on the surface from 0 to
0.27V, and after that, charges are inserted/intercalated into
the surface, resulting in a voltage plateau between 0.27V
and 0.42V. During the discharge process, the potential
decreases to a pseudoreversible plateau due to the transition
from Cu2+ to Cu+ along with deoxidizing of graphitic carbon
nitride. The nonlinear GCD curves with voltage plateaus
suggest that the pseudocapacitive mechanism occurred on
the surface of the electrode material. The plateaus of the
voltage in the GCD curves precisely match the CV curves.
The projected discharge-specific capacitances of the p-g-
C3N4 electrode were 311, 296, 273, 248, 224, and 194 F/g
for 1, 2, 4, 6, 8, and 10A/g, respectively. The calculated spe-
cific capacitances of CuO@p-g-C3N4 electrodes were 817,
795, 687, 608, 563, and 513 F/g for 1, 2, 4, 6, 8, and 10A/g,
respectively. Additionally, the determined specific capaci-
tances of the p-g-C3N4 electrodes from the integral area
under the discharge curve were 170.6, 159.2, 139.7, 123.1,
109.3, and 92.9 F g-1 at 1, 2, 4, 6, 8, and 10Ag-1, respectively,
while CuO@p-g-C3N4 electrodes delivered 496.6, 482.4,
407.0, 358.8, 325.2, and 297.6 F g-1 at 1, 2, 4, 6, 8, and
10Ag-1, respectively.

Furthermore, the cycling performance of CuO@p-g-
C3N4 electrodes was investigated by performing 6000 con-
tinuous cycles at a current density of 8A/g, as shown in
Figure 8(c). The electrode retained 97.31% of its capacitance

Table 1: Comparison of the electrochemical performance of CuO@p-g-C3N4 electrodes with reported electrodes.

S. no. Electrode Electrolyte
Specific capacity or

capacitance (C/g or F/g)
Current

density (A/g)
Cycle stability Ref.

1 ZM-C-800 6M KOH 359.1 1 98.3% after 10,000 cycles at 1 A/g [43]

2 S-gC3N4/CoS2 3.5M KOH 180C/g 1 83% after 15,000 cycles at 50A/g [44]

3 PPy&C3N4 composite 0.1M LiClO4 810 0.2 92% after 6000 cycles at 6.0 A/g [45]

4 CoO/GCN-NS 6M KOH 458 0.5 — [46]

5 CuO/GCN-NS 6M KOH 154.5 0.5 — [46]

6 g-C3N4 nanosheet @CoAl-LDH 2M KOH 343.3 5 95.28% after 6000 cycles at 7.0A/g [47]

7 Boron-doped g-C3N4 1.0M 2SO4 660.6 0.1 107.3% after 10,000 cycles at 10A/g [20]

8 Ag decorated PANI/g-C3N4 1M H2SO4 797.8 1.0 84.43% after 1000 cycles at 1A/g [33]

9 g-C3N4/Co3O4 1M KOH 201 1.0 97% after 6000 cycles at 5 A/g [17]

10 TiS2/g-C3N4 2M KOH 165.9 1.0 87% after 2500 cycles [18]

11 C/CuO@g-C3N4 0.5M NaOH 247.2 1.0 92.1% after 6000 cycles at 1A/g [48]

12 CuO/g-C3N4 2M KOH 384 2.0 98.02% after 5000 cycles at 10Ag-1 [49]

13 Nanoporous gold/g-C3N4 0.5M Na2SO4 440 2.0 98% after 10,000 cycles [21]

14 MnMoO4@g-C3N4/CNT 1M NaCl 252.4 1.0 — [50]

15 CuO/carbon nanosheets
1M Na2SO4 183.9

1.0
87% after 2000 cycles at 1 A/g

[51]
1M KOH 371.1 51.3% after 2000 cycles at 1A/g

16 MOF-derived CuO/g-C3N4 2M KOH 1530.4 2.0 66.3% after 3000 cycles at 10A g-1 [52]

17 GO/CuO 1M Na2SO4 245 0.1 79% after 1000 cycles at 0.25A g-1 [53]

18 CuO@p-g-C3N4 3M KOH 817 1.0 92.3% after 6000 cycles at 8 A g-1
Present
work
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after 2000 cycles, 95.00% after 4000 cycles, and 92.30% after
6000 cycles, exhibiting exceptional cycling stability. It is con-
cluded that the specific capacitance of the electrode (capaci-
tance retention, 7.7%) was slightly decreased with testing
time. In addition to redox reactions, which cause irreversible
chemical processes that degrade the composition, the redox
(faradaic) reactions of electrolyte ions during charge-
discharge cycles to balance the total charge put mechanical
stress on the electrode material’s structure. The repetitive
charge-discharge cycles surely generate mechanical and elec-
trical defects that reduce initial performance due to active
ingredient mass loss. The interfacial charge transfer between
the electrolyte and electrode (p-g-C3N4 and CuO@p-g-
C3N4) was identified using EIS analysis, and the Nyquist plot
is shown in Figure 8(d). In the higher frequency zone, inser-
tion of the impedance line with the real axis offers informa-
tion about the ohmic resistance (Rs). The Rs values of p-g-
C3N4 and CuO@p-g-C3N4 electrodes were 0.83 and 0.63Ω,
respectively. The electrode’s low ohmic resistance shows
low contact and solution resistance, indicating the electro-
chemical cell’s strong conductivity. The absence of a semicir-
cle in the EIS at high frequencies is due to the parallel
combination of the resistive and capacitive components, as
well as low-frequency spikes with an upward slope. The
R(CR(QR))(CR) analog circuit (inset figure) had chi-square
values of 2 79 × 10−2 and 2 93 × 10−2, respectively, that
matched the measured impedance lines. The electrical
equivalent circuit R(CR(QR))(CR) model is composed of
the electrolyte and pore resistance (Rs), the adsorption
capacitance and resistance (Ca and Ra), a constant phase ele-
ment (Q) used to compensate for the roughness of the elec-
trode and used as a model for the double-layer capacitor
(Cdl) and inhomogeneity in the system, the charge transfer
resistance (Rct), and the resistance and capacitance of the
electrode (Re and Ce). Ra and Ca are associated with the
charging/discharging processes that occur at the surface of
the electrode [42]. Indeed, when compared to previously
reported electrodes, the electrochemical performance
(Table 1) of the CuO@ porous g-C3N4 electrode demon-
strated the highest specific capacitance. The synergistic effect
between porous g-C3N4 and CuO nanoparticles provides
specific capacitance, lower charge transfer resistance, and
good cycling stability of the CuO@p-g-C3N4 electrode.

4. Conclusions

In summary, copper oxide particles anchored on the porous
g-C3N4 sample were synthesized by using the sequential
heating-acidic-hydrothermal treatment process. First, ther-
mal heating was employed on the melamine to create a gra-
phitic carbon nitride at 550°C. Second, the acidic treatment
was applied to the g-C3N4 to make it porous in the sample.
Finally, copper oxide particles were uniformly anchored on
the surface of the porous g-C3N4 using hydrothermal syn-
thesis. The X-ray diffraction peaks confirm the existence
of both g-C3N4 and CuO phases without any impurities.
The morphological features of the samples and elemental
composition confirm the porous structure of the graphitic
carbon nitride phase. The anchored CuO nanoparticles

reduce the stacking of graphitic carbon nitride nanosheets
and also enhance 2.5 times of specific surface area than
porous g-C3N4. In the composite electrode, the surface-
controlled pseudocapacitive mechanism was observed from
the g-C3N4 nanosheets, in which the surface of nanosheets
reacted with OH─ ions and oxidized/deoxidized. CuO nano-
particles exhibit faradaic behavior through Cu+/Cu2+ transi-
tions during the redox reactions. The synergistic effect of
both materials in the composite increases the electroactive
sites leading to the integral area from the CV curve, and
the time taken for charge/discharging reactions was higher
than the porous g-C3N4. The electrical conductivity and
ionic transit channel are both enhanced by the synergistic
impact of creating porous structures and uniformly dispers-
ing copper oxide particles. However, the CuO@p-g-C3N4
electrode demonstrated 817 F g-1 at 1A g-1 of specific capac-
itance and admirable capacitance retention (92.3% after
6000 cycles). It is possible that the suggested simulated
strategy would encourage the creation of high-performance
CuO@p-g-C3N4 composite electrodes with controlled
porosity architectures for use in supercapacitors and other
energy gadgets.
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