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Abstract: Graphitic carbon nitride (G-C3N4) and NiS-NiO/G-C3N4 nanocomposite have been syn-
thesized via combustion and hydrothermal techniques, respectively. The chemical and morphological
properties of these materials were confirmed using different analytical methods. SEM confirms the
formation of G-C3N4 sheets containing additional petal-like shapes of NiS-NiO nanoparticles. The
electrochemical testing of NiS-NiO/G-C3N4 symmetric supercapacitors is carried out from 0.6 M
HCl electrolyte. Such testing includes charge/discharge, cyclic voltammetry, impedance, and super-
capacitor stability. The charge/discharge time reaches 790 s at 0.3 A/g, while the cyclic voltammetry
curve forms under a high surface area. The produced specific capacitance (CS) and energy density
values are 766 F/g and 23.55 W.h.kg−1, correspondingly.

Keywords: NiO; NiS; G-C3N4; porous materials; specific capacitance; electrolytes

1. Introduction

Supercapacitors progress last decay particularly between energy storage devices rises
owing to their high ability to provide sustainable energy [1–3]. Supercapacitors become
an equivalent source to the batteries owing to their easy and fast charging time, which
contrasts with their high discharging time. Such a device could be classified into three
categories: an electric double-layer capacitor, hybrid capacitor, and pseudocapcitance
capacitor [4,5]. The carbon supercapacitor is called an electric double-layer capacitor, in
which the charges are stored as a double layer between the carbon and electrolyte. A
pseudocapcitoance supercapacitor, however, is based on a material, i.e., oxides, sulfides,
or nitrides, owing to a high ability to redox reactions inside the capacitor. However, the
different existing supercapacitor types are limited by their small energy power [6]. Thus, the
hybrid supercapacitor is the most promising type that brings together the entire advantages
of the previous types. Indeed, this is assigned to its particular construction grouping of both
carbon and normal materials that possess the excellent capability of redox and double-layer
storage behavior at the same time [7].

In this regard, the choice of a base material that has a great storage ability plays
a major role in enhancing a supercapacitor. Thus, utilizing a composite material will
provide additional advantages emerging from the combination of the electric conductivity
properties of various materials in the compound. Moreover, oxide and sulfide materials
with a great surface area also provide an extra active site for charge storage [6]. In addition,
MXene shows high storage ability for supercapacitor and battery applications [8–11].
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Graphitic carbon nitride (G-C3N4) is a promising material for supercapacitors due
to its magnificent properties of charge storage represented in the high surface area and
charge-chemical durability. This material could be prepared with a high mass amount
under the combustion of some organic materials rich in nitrogen, such as urea and thiourea.
This explains its chemical structure of tris-triazine (C6N7) connected through a ternary
amino group [12].

Earlier studies were carried out on G-C3N4 for supercapacitor applications [9,10].
Santos et al. studied the synthesis of CoO and CuO on G-C3N4, where a specific capacitance
(CS) was found equal to 84.28 F/g at 0.5 A g [13]. Kuila et al. considered Gd decorated
on G-C3N4 for supercapacitor applications. Herein, the produced capacitance value was
2.59 mF cm−2 at 10 mV s–1 [14]. Rani et al. examined similarly CoFe2O4/G-C3N4 for
supercapacitor application, and a CS = 524 F/g at 2 mV/s was found [15]. Furthermore,
G-C3N4/graphene was prepared as an electrode for the supercapacitor, in which the Cs
value was 265 F/g [16]. On the other hand, a G-C3N4/carbon nanotube was applied as
a supercapacitor from polyvinyl alcohol/H2SO4 electrolyte; the produced CS value was
about 148 F/g [17]. Also, G-C3N4/activated carbon from 1 M Na2SO4 was inspected
for supercapacitor, and CS = 266 F/g was obtained [18]. Additionally, Ni(OH)2/G-C3N4
was prepared using the hydrothermal method, for which the produced CS value was
555 F/g [19].

In this work, G-C3N4 is prepared via urea combustion in ambient air, then a NiS-
NiO/G-C3N4 petal-like nanocomposite was synthesised using a hydrothermal method.
All the chemical and morphological analyses confirmed the composite properties. Such a
composite was used as an electrode for the symmetric supercapacitor in energy storage. The
electrochemical testing is carried out from a 0.6 M HCl electrolyte: charge/discharge, cyclic
voltammetry, impedance, and supercapacitor stability. The specific capacitance, energy
density, and lifetime is calculated for this promising supercapacitor. The prepared superca-
pacitor is a promising result, represented in the produced CS and E values. Soon, our team
will work on the design of a prototype of this capacitor for commercial applications.

2. Experimental Section
2.1. Materials

HCl (36%), urea (99.99%), and thiourea (99.9%,) were obtained from Piochem co., Cairo,
Egypt. Nickel sulfate (NiSO4), ammonium persulfate ((NH4)2S2O8), graphite powder, and
ammonia (NH4OH) were obtained from El Naser Chemical Co., Cairo, Egypt. Sulfonated
tetrafluoroethylene dissolved in methanol (5 wt.%) was obtained from Sigma-Aldrich,
St. Louis, MO, USA.

2.2. Preparation of NiS-NiO/G-C3N4 Nanocomposite

The preparation of G-C3N4 was carried out through the combustion of material rich
with nitrogen (urea). A 10 g sample of urea was combusted well at 550 ◦C for 2 h in ambient
air. This high temperature decomposes the urea to form G-C3N4.

NiS-NiO/G-C3N4 nanocomposite synthesis was obtained through dissolving (0.1 M)
NiSO4, (0.2 M) thiourea, and (0.025 M) K2S2O8 in 70 mL H2O by using an ultrasonic
device. NH4OH is used as a basic medium for clear-dissolving NiSO4, in which the pH
solution becomes 9. Then, 0.05 g C3N4 is suspended in H2O using the ultrasonic device.
Thenceforth, G-C3N4 is poured over the solution in an autoclave, and the hydrothermal
reaction is carried out at 160 ◦C for 12 h. The produced powder was cleaned and dried at
60 ◦C for 6 h. Herein, the combustion process is carried out at 300 ◦C for 5 min, in which the
nanocomposite NiS-NiO/G-C3N4 is formed. The schematic preparation for the Petal-like
NiS-NiO/G-C3N4 nanocomposite is mentioned in Figure 1.
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Figure 1. The schematic preparation for the Petal-like NiS-NiO/G-C3N4 nanocomposite.

2.3. Synthesis and Testing of the Prepared Symmetric Supercapacitor

The NiS-NiO/G-C3N4 composite was synthesized using (0.045 g) and (0.005 g) of
graphite mixed with sulfonated tetrafluoroethylene and 0.75 mL of C2H5OH. For the
preparation of two symmetric electrodes, 0.003 g paste is loaded on an Au plate (1 cm2).
These two electrodes are combined through a separator filter paper wetted with 0.5 M HCl,
then tested using an electrochemical workstation (CHI660E), in which the charge/discharge,
stability, and impedance are measured. The specific capacitance (CS) and power energy (E)
of the supercapacitor are also calculated.

2.4. Characterization

The different structures and morphological properties of the prepared materials were
inspected using several characterization techniques. X-ray diffraction (X’Pert Pro, Almelo,
The Netherlands) and X-ray photoelectron spectroscopy are used to confirm the chemical
structure of the prepared materials. The morphologies were determined via a scanning
electron microscope, SEM, (ZEISS SUPRA 55 VP, Column, Oberkochen, Germany), and
transmitted electron microscope (TEM), (JEOL JEM-2100, Oberkochen, Germany).

3. Results and Discussion
3.1. Analyses

The XRD pattern of the obtained graphitic-like layer structures of G-C3N4 and NiS-
NiO/ G-C3N4 has been investigated (see Figure 2a). For G-C3N4, two distinct diffraction
peaks have been located: a small diffraction peak assigned to (100) at 13.03◦ is attributed
to the in-planar structural packing motif with a separation of 0.679 nm, while a strong
other peak located at 27.20◦ corresponds to the (002) peak of the interlayer d-spacing of
0.327 nm [20,21]. The two peaks at 13.03◦ and 27.20◦ are matched with the previous studies
(JCPDS 87–1526 card) [20] and (JCPDS) 87–1526 for g-C3N4 [21]. The composite sample
exhibits diffraction peaks corresponding to both G-C3N4, NiS, NiO, and NiOX.

The G-C3N4 material has a small shift in peak at 27.20◦, moreover, there is the ap-
pearance of additional peaks in the composite, confirming the effect of inorganic materials
during the composite formation. NiS nanomaterials has ten peaks located at 18.18, 30.30,
32.10, 37.30, 48.87, 50.30, 52.57, 56.19, 57.60, 59.74◦ for the growth directions (110), (002),
(300), (200), (131), (410), (401), (321), (330), and (012), respectively. Most of these peaks
matched with previous studies (JCPDS 12-0041) [22]. However, NiO displayed four char-
acteristic peaks positioned at 29.35, 35.88, 40.36, and 65.55◦ for the growth direction (002),
(111), (200), and (220), which agree with previous studies (JCPDS, No. 04-0835) [23]. More-
over, additional peaks have been observed, confirming the formation of additional oxides
for Ni; these peaks are positioned at 14.87, 20.23, 21.80, and 23.52◦ [24].
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Figure 2. (a) XRD and (b) XPS for NiS-NiO/G-C3N4 composite.

Figure 2b illustrates the X-ray photoelectron spectroscopy (XPS) of the prepared
composite. This will confirm its chemical composition and structure. Indeed, several
elements have been distinguished in the sample, such as O, Ni, N, C, and S (see Table 1).
Indeed, O1s spectra are located at 534 eV, the element source of the NiO and NiOX materials.
The C 1s XPS spectra originated from the utilized pure G-C3N4. Several bonds, such as
C-C, C-NH2, and N-C=N bonding at about 284, 286, and 288 eV, respectively, have been
also identified. The C-C XPS peak slightly shifts to higher binding energy as the signature
of the chemical bonding between G-C3N4 and NiS-NiO. The N1s strong peak centering at
402.66 eV is owing to the G-C3N4 material after forming a composite with the additional
Ni materials. Furthermore, the Ni2p peak at 858.91 eV is assigned Ni2+ in NiX+ species due
to the easy NiO oxidation in the air. Also, an S2p peak located at 167 eV could be assigned
to sulfur in the NiS bonding, revealing the high binding between NiS-NiO and G-C3N4
during the composite formation.

Table 1. Peak location and atomic percent for each element in the composite NiS-NiO/G-C3N4
calculated from XPS analysis.

Element Peak Location (eV) Atomic %

O1s 534.6 37.67

Ni2p 858.9 6.42

N1s 402.6 13.29

C1s 288.6 32.14

S2p 167.2 10.48

The morphological and structural analysis of the samples was based on the correlation
between SEM and TEM measurements. Figure 3 represents SEM images of (a) G-C3N4 and
(b) NiS-NiO-G C3N4 composite. It is seen that both images reveal a thin sheet structure.
These nanosheets have an average width and length of 80 nm and 170 nm. After the
composite formation, the morphology is enhanced clearly, which appears clearly in the
nanopetal-like shapes with an average particle size of 150 nm. The high porosity motivates
the application of these nanomaterials as a great electrical device for energy storage.

Indeed, this was clearly distinguished through the TEM image of the G-C3N4 illustrat-
ing flat irregular shape sheets with wrinkles (see Figure 3c). The dark area for the G-C3N4
sheets confirms the NiS-NiO loaded on the G-C3N4. These analyses confirm the nanoma-
terials of the composite with a great homogeneity around the G-C3N4 sheets. Figure 3d
represents the cross-section and roughness of the composite using the Gwydion program.
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The obtained theoretical image confirms the unique behavior of the porous structure of
the composite.
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3.2. The Electrochemical Testing for the Prepared Supercapacitor

The symmetric supercapacitor based on the two electrodes NiS-NiO/G-C3N4 nanocom-
posite is measured using the electrochemical workstation (CHI660E) in a potential window
of 0.0 to 1.0 V at 25 ◦C (see Figure 4a). The measurements are carried out between the
two plates, in which the paste (0.003 g) is loaded on Au metals, and filter paper wetted
with 0.5 M HCl is used as a separator. The charge/discharge measurements are carried
out in a current density from 0.3 to 1.5 A/g, in which, with increasing the current den-
sity, the discharge time decreases. This confirms the effect of current density values on
the capacitance of the prepared supercapacitor associated with raising the input current.
The supercapacitor does not have the efficiency time to carry charges on its plates [25,26].
The values of discharge time at 0.3 and 0.6 A/g are 790 and 260 s, respectively. Using
HCl as an electrolyte is related to the high amount of H+ ions inside the acid with its
great mobility; this works as a perfect electrolyte for charge storage and the generation of
pseudocapacitance properties [27,28] inside the NiS-NiO/G-C3N4 nanocomposite.

On the other hand, Figure 4b shows the cyclic voltammetry curves for supercapacitors
under various scan rates of 30 to 500 mV.s−1. The current density (J) values increase from
0.7 to 3.3 mA.cm−2 with increasing the scan rate, respectively, at 1.0 V. The rise of the J value
is related to the diffusion of the H+ ions inside the paste with a scan rate that causes an
increase in the oxidation and reduction current and then the area under the curves [29,30].
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Figure 4. (a) Charge/discharge and (b) Cyclic voltammetry for symmetric supercapacitor based on
NiS-NiO/G-C3N4 nanocomposite under HCl electrolyte.

The Nyquist plot for the symmetric NiS-NiO/G-C3N4 nanocomposite supercapacitors
is represented through the real (Z) and imaginary (Z−) relation, as shown in Figure 5a.
The plot represents the facilitates of charge transfer between the electrode and electrolyte
(0.5 M HCl). The relational small-diameter semicircle images the easy motion of charges
through the supercapacitor electrodes [31]. Rundle’s cell is inserted in Figure 5a, in which
Rs, Rct, Cd, and W are assigned to the resistances of the solution, charge transfer, capacitor,
and Warburg impedance [32,33], respectively. The diameter of the semicircle is equal to
0.78 Ω, which is very small and represents the charge transfer between the electrode and
electrolyte interface. This demonstrates the ability of the electrodes in transferring charge,
which consequently establishes the great capacitance of the supercapacitor.
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The supercapacitor stability and reproducibility are represented in Figure 5b, in which
the charge/discharge behavior is repeated for 500 cycles. The stability is measured in 0.5 M
HCl with a current density of 0.3 A/g. The capacitance retention for the supercapacitor is
mentioned in Figure 5c, in which the supercapacitor has a capacitance retention of 89% till
500 cycles.
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The performance of the supercapacitor is determined through the specific capacitance
(CS) and the Energy density (E). The CS parameter is calculated from Equation (1) [34,35].
The CS parameter depends on the current I, ∆t, ∆V, and m, which represent the current,
discharge time, potential window, and loaded mass, respectively. From this figure, the
value of CS is 766 F/g. Furthermore, the E parameter depends on CS and square values
of the potential window (Equation (2), while the E value is 23.55 W.h.kg−1. Moreover, the
power density (P) is calculated through Equation (3), in which its value is 173.77 W.kg−1.

Cs = 4I.∆t/ ∆V.m (1)

E = 0.5Cs.
(

V2
max − V2

min

)
/3.6 (2)

P = 3600E/∆t (3)

The rate capability (specific capacitance vs. current density) is mentioned in Figure 6.
This figure gives an indication of the enhancement of the CS values of the supercapacitor
under lower current density values, in which the CS values increase from 71 to 766 F/g,
with a decreasing of the current density values from 1.5 to 0.3 A/g, respectively.
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4. Conclusions

NiS-NiO/G-C3N4 nanocomposite has been prepared using the hydrothermal method,
in which the composite is based on G-C3N4 prepared using the combustion process in
ambient air. From the morphological analyses, G-C3N4 has a nanosheet structure. After
composite formation, petal-like nanomaterials are formed. The XRD and XPS analyses
confirmed the presence of NiS, NiO, NiOX, and G-C3N4 materials. The prepared com-
posite, NiS-NiO/G-C3N4, was applied as a paste for the symmetric supercapacitor. The
electrochemical measurements (charge/discharge, cyclic voltammetry, impedance, and
stability) were carried out from 0.6 M HCl electrolyte. The discharge time reaches 790 s at
0.3 A/g. The CS and energy density values are 766 F/g and 23.55 W.h.kg−1, respectively.
These properties qualify the prepared supercapacitor for commercial application, soon.
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