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There is a desperate demand for efficient energy storage systems to fulfill future energy demands. Herein, we exemplify a facile
solvothermal approach followed by heat treatment to synthesize NiO/g-C;N, nanocomposites for enhanced supercapacitor
applications. The molar ratio of g-C;N, is varied to achieve numerous nanostructures like nanoparticles and nanorods with
optimum specific capacitance. Further, all as-prepared electrode materials are examined for supercapacitor application. The
electrochemical behavior of prepared NiO/g-C;N, nanocomposites is carried out under cyclic voltammetry (CV), galvanostatic
charge-discharge (GCD), and electrochemical impedance spectroscopy (EIS) in a three-electrode cell under different
electrolytes such as aqueous sodium sulphate electrolyte (1.0 M Na,SO,) and potassium hydroxide electrolyte (3.0 M KOH).
Among all the electrode materials, NO-4 (1:2) shows the highest specific capacitance of 338.68 F/g at a scan rate of 2mV/s
and 161.3 F/g at a current density of 1 A/g in 1.0 M Na,SO, electrolyte. Also, this electrode material shows 95.22 F/g at a scan
rate of 2mV/s in 3.0 M KOH electrolyte. The excessive specific capacitance of this electrode material is due to retarded charge
transfer resistance in the interface at the electrode and electrolyte and a increased number of active sites. The investigation of
the electrokinetics of all the prepared electrodes was also carried out, and it revealed the charge storage contribution of
capacitive and diffusive parts which levitates the higher specific capacitance. The two-electrode study for evaluating
supercapacitor performance is studied. The NO-4//NO-4 SSD in 1.0M Na,SO, electrolyte shows 18.23F/g at a specific
capacitance of 1 A/g with a corresponding energy density of 10.13 Wh/kg and a power density of 1.01 kW/kg, respectively.

electronic and hybrid transport facilities [6-11]. Based on the
charge storage mechanism, SCs can be branched into two types,

Owing to the diminution of fossil fuels due to the rapid growth
of the world population and economy, we need sustainable and
persistent energy sources [1]. Renewable energy production,
namely, solar energy [2], wind energy [3], ocean wave energy,
tidal energy [4], and biogas [5], caught the interest of scientists
to generate energy. Bottlenecks in these renewable sources are
intermittent and highly discontinuous; hence, there is a need
for energy storage for future generation. In fact, tremendous
endeavors have been achieved for the elevated performance of
energy storage devices, in that supercapacitors (SCs) have
gained attention due to their excellent electrochemical perfor-
mance, high power density, ultrafast charge and discharge, long
stability, eco-friendliness, and a wide band of applications in

and they are electric double-layer capacitors (EDLCs) and pseu-
docapacitors [12]. The EDLC uses a mechanism of adsorption
of ions and stores charge electrostatically whereas the mecha-
nism of rapidly reversible redox reactions on the surface of
the electrodes is used in pseudocapacitors [13-15]. Pseudocapa-
citor’s redox process significantly produces more dominant spe-
cific capacitance and performances than the EDLCs [16]. The
operation of the SCs depends on the electrode materials which
should possess merits such as flexibility, tolerance of chemical
and various physical environments, ecological benignity, and
economical [17]. In this perspective, transition metal oxides
(TMOs) are a befitting contender for pseudocapacitive elec-
trode material due to their excellent and rich redox chemistry
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[18]. The outstanding TMO candidates are NiO [19], CeO,
[20], Fe,05 [21], MnO, [22], In,05 [23], CuO [24], ZnO
[25], etc. Among the above mentioned TMOs, nickel oxide
electrode materials stand out as one of the promising candidate
because of its better electrical conductivity, good thermal stabil-
ity, low cost, and nature friendly character [26-29]. Nickel
oxide shows excellent pseudocapacitive behavior due to its emi-
nent insertion and extraction of the electrolyte ions and has a
high theoretical capacitance value [30]. The highly porous
nature and surface area nature favor the diffusion process
and enhance the transportation of the electrons in the electrode
materials which can be witnessed in nickel oxides [31, 32]. Fur-
ther incorporation of nickel oxide and nickel hydroxide in var-
ious TMOs enhanced the specific capacitance of the electrodes
due to sufficient increment in surface active sites and electrical
conductivity [33, 34]. Various NiO nanostructures such as NiO
nanoparticles (specific capacitance of 74 F/g at 1 A/g in 1.0 M
Na,SO, neutral electrolyte and specific capacitance of 116 F/g
at 1A/g in 1.0 M KOH basic solution) [35], NiO nanoflakes
(specific capacitance of 85.5F/g at 1 A/g in 2.0 M KOH basic
electrolyte) [36], and NiO nanocrystal (specific capacitance of
85F/g at 1A/g in 0.5M KOH basic solution) [37] exhibited
encouragement for applications of SCs. It should be noted that
the performance in terms of the capacitance of the nickel oxide
nanoparticles is significantly low in neutral media. Thus, it is
important to develop NiO-based nanocomposites to enhance
the capacitive behavior by increasing active sites, electrical con-
ductivity, and the interaction between the electrode and elec-
trolyte interface [38, 39]. In this context, Gao et al. showed
NiO/RGO nanocomposite with a specific capacitance of
68.9mAh/g at 1A/g in a 6.0 M KOH electrolyte [40]. Ashok
et al. recently disclosed coincorporated NiO nanomaterial
which exhibits a specific capacitance of 156 C/g at 0.5A/g in
3.0 M KOH electrolyte [41]. CNT/ZnO/NiO nanocomposites
prepared by Jayababu et al. exhibited 66.7 uAh/cm* at 3mA/
cm” in 1.0M KOH electrolyte [42]. Khan et al. reported that
1% Fe@NiO nanocomposites showed approximately
134.88 F/g at 1 A/g involution of KOH electrolyte [43]. Though
various reports are accessible on NiO-based composites for
supercapacitor applications in alkaline media, however, to the
best of our knowledge, no reports are available in neutral
media. Thus, it is important to study further in this direction
using NiO-based nanocomposites.

Herein, we synthesize NiO/g-C;N, nanocomposite
using facile solvothermal way followed by calcination with
altered molar concentration of precursors (Scheme 1) [44].
Using the three-electrode system, the electrochemical per-
formances for supercapacitor application were carried out
in neutral and alkaline electrolytes. Amidst as-prepared
electrode materials, 1:2 molar concentration NiO/g-C;N,
(NO-4) shows the highest specific capacitance of 161.3F/g
at 1A/g in 1.0M Na,SO, neutral electrolyte and 95.2F/g
at 2mV/s at 3.0 M KOH alkaline electrolyte. The symmetric
supercapacitor device has been fabricated using NO-4
electrode material and its performance is investigated in
two-electrode configuration. The as-synthesized nanocom-
posite electrode material can be utilized as an electrochem-
ically active candidate for energy storage applications in
the near future.
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2. Experimental Section

2.1. Materials Required. Nickel nitrate hexahydrate
(Ni(NO;),6H,0) and tetrabutylammonium hydroxide
(TBAH) were purchased from SDFCL Ltd. and Spectrochem
Pvt. Ltd., respectively, pure melamine was purchased from
SDFCL Ltd., anhydrous extra pure Na,SO, and pure KOH
pellets were received from Sisco Research Laboratories Pvt.
Ltd.,, polyvinylidene fluoride (PVDF) was bought from
Thermo Fisher Scientific India Pvt. Ltd., and ethanol was
acquired from Changshu Hongsheng Fine Chemical Co., Ltd.

2.2. Synthesis of Ni(OH), Nanoparticles. The method of
solvothermal synthesis was used for the preparation of
nickel hydroxide nanoparticles. In this procedure, 0.05M
(0.509¢) of nickel nitrate hexahydrate (Ni(NO,),-6H,0O)
was added to 35mL tetrabutylammonium hydroxide
(TBAH) and continuously stirred for 20 minutes at 27°C
(room temperature) in a magnetic stirrer until the formation
of a homogenous mixture. Then, the resultant dispersion
was shifted to a Teflon-lined stainless steel autoclave and
closed up firmly. The autoclave was heated at 140°C for
12 hrs. Eventually, the autoclave is cooled down to normal
laboratory conditions. The precipitate which was obtained
from the above process was cleaned with deionized water
and ethanol multiple times to pull out any residuals. Then,
the cleaned precipitate was centrifuged at 4500rpm for
5min and scorched at 80°C for 48hrs. Finally, the as-
prepared nanoparticle was named NO-1.

2.3. Synthesis of g-C,N, Powder. Melamine was used to syn-
thesize g-C;N, powder [45]. 5g of melamine fine particles
was kept in a crucible and calcined in a muffle furnace at
350°C for 4hrs at a 5°C/min ramp rate, and the resultant
powder was named M-1.

2.4. Preparation of NiO/g-C;N, Nanocomposites by Varying
Melamine Concentration. In this experiment, the NiO/g-
C,;N, nanocomposites were prepared by differing the molar
concentration of melamine powder and keeping the concen-
tration of nickel hydroxide powder fixed. We vary the con-
centration of melamine such as 0.05g, 0.1g, 0.2g, 0.4g,
and 0.8g, respectively, combined with 0.1 mg of nickel
hydroxide. The mixture powder was calcined at 350°C for
4hrs at a 5°C/min ramp rate, and the resultant powder was
collected (Scheme 1). The as-prepared samples were named
NO-2 (1:0.5), NO-3 (1:1), NO-4 (1:2), NO-5 (1:4), and
NO-6 (1:8), respectively.

2.5. Characterizations of Materials. The structure and phase
of the crystals of synthesized nanomaterials were analyzed
by the X-ray powder diffractometer (XRD)-Bruker AXS-D8
Advance, made in Germany with Cu-Ka radiation
(A =0.15406 nm) in the 20 range from 10° to 90°.

Field emission scanning electron microscopy was per-
formed to find the morphologies of electrode materials. X-
ray photoelectron spectroscopy (XPS) was performed by an
AXIS Supra from Kratos Analytical Ltd. with Al-Ka mono-
chromatic source to obtain the chemical composition of
electrode materials.
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ScHEME 1: Illustrative representation for the synthesis of NiO/g-C,N, nanocomposite.
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FiGure 1: XRD patterns of (a) NO-1, (b) M-1, (c) NO-2 (1:0.5), (d) NO-3 (1:1), (e) NO-4 (1:2), (f) NO-5 (1:4), and (g) NO-6 (1:8)

nanocomposites, respectively.

2.6. Electrochemical Characterization. For electrochemical
performances by a three-electrode setup, NiO/g-C,N,
nanocomposite electrodes were wielded as working elec-
trodes, while Ag/AgCl and platinum (Pt) wire served as
reference electrodes and counter electrodes, respectively.
The cyclic voltammetric study (CVD) and galvanostatic
charge-discharge (GCD) analysis were performed in elec-
trochemical workstation CHI7007E. The working elec-
trode was prepared using the as-prepared NiO/g-C;N,
of mass 1mg and binder as polyvinylidene difluoride

(PVDF) mixed and finely powdered in a grinder, and
hardly any drops of N-methyl 1-2 pyrrolidone (NMP)
solvent are added to get ink formed. The as-produced
ink was applied on a graphite sheet in an area of 10 x
10mm” and heated for 5-6hrs. For this electrochemical
analysis, 1.0M of aqueous Na,SO, neutral -electrolyte
and 3.0M of aqueous KOH alkaline electrolyte are used
at room temperature. The electrochemical impedance
spectroscopy (EIS) measurements were performed for all
the electrodes in the range of frequency of 0.01 Hz-
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F1GURE 2: XPS wide spectra of (a) pure NiO, (b) NiO/g-C;N,, (NO-4), and (c) g-C;N; high-resolution spectra of nickel of (d) pure NiO and
(e) NiO/g-C;N, (NO-4); high-resolution spectra of oxygen of (f) pure NiO and (g) NiO/g-C;N, (NO-4); high-resolution spectra of nitrogen
of (h) pure NiO, (i) NiO/g-C;N, (NO-4), and (j) g-C;N,; and high-resolution spectra of carbon of (k) pure NiO, (1) NiO/g-C,N, (NO-4),

and (m) g-C;N,.

10°Hz using AC amplitude set to 5mV. The equation
used to calculate the specific capacitance from CV analy-
sis in a three-electrode system is

v,
23.dV
=, (1)

Cop = md(V,-V))

where Cj, is the specific capacitance of the prepared elec-
trodes (F/g), the numerator represents the charge totality
of the electrodes, m is the mass of the electrode, 9 is the
scan rate in terms of mV/s, and (V, - V) refers to the
“E” of the cell. The equation used to determine the spe-
cific capacitance from CD analysis in a three-electrode

setup is

it
C,=——, 2
P om.AV )
where Cg, is the specific capacitance of the prepared elec-
trodes (F/g), i is the current in terms of A, t is the dis-
charging time, m is the mass of the electrode, and AV
is the window of the potential of the cell.

3. Results and Discussions

3.1. Structural Analysis. The structure of a crystal, structural
behavior, phase structure, and purity were analyzed using
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FiGure 3: FE-SEM images of (a) NO-1, (b) NO-2 (1:0.5), (c) NO-3 (1:1), (d) NO-4 (1:2), (e) NO-5 (1:4), and (f) NO-6 (1:8),

respectively.

powder X-ray diffraction of Ni(OH), and NiO/g-C;N,
nanostructures. Figure 1(a) shows the XRD pattern of
Ni(OH), nanoparticles. As illustrated in Figure 1(a), the 20
peaks located at 19.14°, 33.16°, 38.47°, 52.36°, 59.1°, 62.7°,
and 73.26° agree with the (001), (100), (101), (102), (110),
(111), and (201) crystal facets of Ni(OH), (NO-1). All the
characteristic diffraction peaks were indexed with the stan-
dard JCPDS file (JCPDS no. 14-0117). Figure 1(b) shows
the 20 diffraction peaks of the g-C;N, (M-1) which is pre-
pared by calcinating the pure melamine at the temperature
of 350°C for 4hrs at 5°C/min ramp rate located at 14.28"
and 25.9° which are corresponding to crystal faces (100)
and (002). All the major diffraction peaks were indexed with
the standard JCPDS file (JCPDS no. 05-005-0127). No other
residue peaks are found, which suggests that it has well
phase purity. Further, to understand the influence of varying
molar concentrations of melamine with respect to NO-1, the
XRD patterns of samples NO-2 (1:0.5), NO-3 (1:1), NO-4
(1:2), NO-5 (1:4), and NO-6 (1:8) are shown in
Figures 1(c)-1(g). In Figures 1(c)-1(e), the 20 diffraction

peaks of NO-2 (1:0.5), NO-3 (1:1), and NO-4 (1:2) are
similar and match with the cubic nickel oxide diffraction
peaks situated at 36.9°, 43.48°, 62.89°, 75.5°, and 79.34",
agreeing with the crystal planes, namely, (111), (200),
(220), (311), and (222), and there is no major swap in the
positions of peaks of the samples. The high-intensity peaks
of these samples showcase the good crystalline characteristic
of nanostructures. All the major diffraction peaks were
indexed with the standard JCPDS file (JCPDS no. 78-
0429). NO-2 (1:0.5) and NO-3 (1:1) show no other char-
acteristic peaks and were found to be not influenced by
the incorporation of g-C,;N,, due to the small amount of
melamine used during calcination. However, in
Figure 1(e), NO-4 (1:2) reveals small intense peaks of g-
C;N, which are not indexed. In Figures 1(f) and 1(g),
the XRD patterns of NO-5 (1:4) and NO-6 (1:8) shows
the crystal peaks of both cubic NiO and g-C;N,. In NO-
6 (1:8), the peak corresponding to (002) crystal face
belongs to g-C;N, and it is higly intense than g-C;N, peak
of NO-5 (1:4) nanocomposite.
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3.2. Chemical Composition Analysis. XPS is operated to assess
the elemental composition and its states of NiO/g-C;N, and g-
C,N,. Figures 2(a)-2(c) give the XPS full survey spectrum of
NiO, NiO/g-C;N,, and g-C,N,, respectively. The survey spec-
trum of NO-4 (NiO/g-C;N,) divulges the presence of ele-
ments such as nickel (Ni), oxygen (O), nitrogen (N), and
carbon (C), suggesting the successful formation of the nano-
composite. On the other hand, nickel, oxygen, and surface
impurity carbon are present in NO-4 (Figure 2(b)), and for
the g-C;N, survey spectrum, nitrogen, oxygen, and carbon
were observed (Figure 2(c)), confirming the formation of the
samples. Figure 2(e) shows the deconvoluted high-resolution
narrow scan spectrum of Ni 2p, in which the high-intensity
peak of Ni 2p,, is located at a binding energy of 852.8¢V.
Also, the low-intensity satellite humps are observed at
857.6eV. This validates the presence of the +2-oxidation state
of Ni, and it is consistent with the previous report [46, 47].
Figure 2(g) shows the deconvoluted high-resolution scan spec-
tra of O 1s. The high-intensity bumps revealed at a binding
energy of 528.9¢eV authenticate the presence of the Ni-O
bond, and the less intense peak is attributed to satellite humps
confirming the 0% oxidation state. Furthermore, Figures 2(1)
and 2(m) show that the deconvoluted high-resolution spec-
trum C Is reveals the peaks at a binding energy of 284.1 eV,
and it is aroused from carbon (C-C and C=C) bonds. The
other peak at 281.2eV is attributed to satellite humps
[48-50]. Also, the high-resolution scan spectrum of N 1s in
Figures 2(i) and 2(j) shows the intensity peak at binding
energy at 395.2 eV with no other intensity bumps. It is to be
observed that a negligible nitrogen peak was found for NiO
(Figure 2(h)) whereas a strong peak for NiO/g-C,N, and g-
C;N,. Hence, the successful incorporation of nitrogen in
NO-4 confirms the formation of the nanocomposite.

3.3. Morphology Analysis. The surface morphologies of the
synthesized samples (Figure 3) were analyzed by optimizing
the concentration of g-C;N,. Figure S1 (Supporting
Information, SI) represents the FESEM image of bare g-
C,;N, nanorods with agglomerated nanoparticle-like mixed
morphology noticed, and the average diameter is measured
to be 97 nm (inset of Figure S1). Nickel hydroxide (NO-1)
synthesized by a solvothermal process using TBAH as
solvent shows nanoparticle-like morphology with an
estimated average grain size of 59.7nm (Figure 3(a)).
Additionally, to study the role of graphitic nitride, the
nanocomposite with 0.05g, 0.1g, 0.2g, 0.4g, and 0.8g,
respectively, combined with 0.1g of nickel hydroxide was
synthesized via heat treatment, and their morphologies were
studied. Figure 3(b) shows the nanoparticle-like morphology
for NO-2 (1:0.5) nanocomposite with an average grain size of
39.1nm. Further, NO-3 (1:1) and NO-4 (1:2) show slightly
agglomerated nanoparticle-like morphology (Figures 3(c) and
3(d)) with mean grain sizes of 66.6nm and 47.5nm,
respectively. Moreover, the NO-5 (1:4) nanocomposite
(Figure 3(e)) shows the agglomerated nanorod-like structures
along with nanoparticles, and the average diameter was found
to be 161.9 nm. The change in the morphology of NO-5 could
be ascribed to the initialization of a moderate concentration of
melamine decomposition into the nickel oxide surfaces to
form NiO/g-C;N, under heat treatment. Further increasing
the concentration of melamine, in NO-6 (1:8), g-C,N, is
found to be dominant over NiO and retained the morphology
of g-C,N, as agglomerated nanoparticles (Figure 3(f)) with an
average grain size of 66 nm in NiO/g-C;N, [51]. The smaller
particle size of NO-4 suggests a large surface area with a
greater number of active sites and indicating to deliver a good
electrochemical performance.
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respectively.

3.4. Electrochemical Analysis. To determine the electrochem-
ical capacitance of the synthesized electrodes, a three-
electrode configuration was configured using Ag/AgCl, Pt
wire, and fabricated electrode material painted on a graphite
sheet as a reference, counter, and working electrode, respec-
tively, to study the various electrochemical analysis. The
cyclic voltammetry study (CV), galvanic charge-discharge
analysis (GCD), and EIS investigation were carried out in
1.0M Na,SO, neutral and 3.0 M KOH alkaline electrolyte.
Figure 4(a) reveals the CV curves of all electrodes at a fixed
scan rate of 2mV/s in neutral electrolytes with a range of
potential of 2.0V (-1.0V to 1.0 V). It is to be observed that
all electrode materials show a quasirectangular character
with a duo of redox peaks (Figure 4(a)), validating the pseu-
docapacitive behavior of the prepared materials. The vol-
tammetric area of NiO/g-C;N, (NO-4) was observed to be
larger compared to all samples, demonstrating higher spe-
cific capacitance of the NO-4 electrode. The specific capaci-
tance of as-synthesized electrode materials such as M-1, NO-
1, NO-2 (1:0.5), NO-3 (1:1), NO-4 (1:2), NO-5 (1:4), and
NO-6 (1:8) is 283.23F/g, 214.9F/g, 338.68F/g, 292.7F/g,
361.53F/g, 296.9 F/g, and 289.26 F/g, respectively, at a scan
rate of 2mV/s. As seen, the specific capacitance of NO-4
(1:2) nanocomposite shows a dominant specific capacitance
amidst all electrodes due to its larger voltammetric area and
smaller particle size. Figure 4(b) showcases the CV curves of
NO-4 (1:2) nanocomposite at different scan rates. The spe-
cific capacitance at scan rates of 5mV/s, 10mV/s, 20mV/s,
40mV/s, 60mV/s, 80mV/s, and 100mV/s is 255F/g,
212.4F/g, 170.39F/g, 126.16F/g, 101.9F/g, 87.49F/g, and
84.21 F/g, respectively. It has been observed that, as the scan
rate increases, the capacitance of the NO-4 (1:2) electrode
decreases significantly without a change in the shapes of
voltammogram curves, indicating high stability of the elec-
trode. At low scan rates, the majority of active electrode
material in the NO-4 (1:2) electrode takes part in redox

reactions permitting the charges to drive deep, which attri-
butes to high specific capacitance and vice versa. The CV
profile of M-1 (Figure S2a, SI), NO-1 (Figure S2b, SI), NO-
2 (Figure S2c, SI), NO-3 (Figure S2d, SI), NO-5
(Figure S2e, SI), and NO-6 (Figure S2f, SI) at diverse scan
rates (2-100mV/s) is presented in Figure S2. Moreover, the
calculated specific capacitance of all the electrodes as a
function of scan rates (Figure 4(c)) reveals that the NO-4
(1:2) electrode material has the greater specific capacitance
at all sweep rates and this is attributed to its smaller
particle size. Furthermore, the galvanic CD analysis of all
the electrodes has been studied at current densities of 1 A/g
with a window of the potential of 2V in a three-electrode
configuration under neutral media. The charge-discharge
plots of all electrodes at a current density of 1 A/g show a
nonlinear triangular profile (Figure 4(d)) proving the
pseudocapacitive behaviors of electrodes. The electrode
materials such as M-1, NO-1, NO-2 (1:0.5), NO-3 (1:1),
NO-4 (1:2), NO-5 (1:4), and NO-6 (1:8) show specific
capacitance of 83.5F/g, 83.7F/g, 152.35F/g, 108.3F/g,
161.3F/g, 138.4F/g, and 107.9 F/g, respectively, at a current
density of 1 A/g. Note that NO-4 (1:2) shows the greatest
specific capacitance of 161.3F/g at 1A/g than other
electrodes. Further, the specific capacitance of NO-4
electrode at 2A/g, 3A/g, 4A/g, 5A/g, 6A/g, 8A/g, and
9A/g is calculated as 120.1F/g, 98.55F/g, 83.2F/g, 71F/g,
45.6F/g, 53.2F/g, 48F/g, and 42.75F/g, respectively
(Figure 4(e)). Consistent decrement of the specific
capacitance is owed to the less transportation of charges in
the active region when the current density increases.
Figure S3 shows the charge-discharge profile of M-1
(Figure S3a, SI), NO-1 (Figure S3b, SI), NO-2 (Figure S3c,
SI), NO-3 (Figure S3d, SI), NO-5 (Figure S3e, SI), and
NO-6 (Figure S3f, SI) at various current densities (1-9 A/g).
Moreover, the specific capacitance of all the electrodes
varying in order with current densities is shown in
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Figure 4(f). Among all the electrodes, NO-4 (1:2) exhibits
the higher specific capacitance in all current densities under
1.0M Na,SO,. Hence, NO-4 (1:2) is the best promising
electrode compared to other reported NiO-based electrodes
(Table S1, SI) [52-56]. Furthermore, to acknowledge the
electrochemical characteristic of the best electrode NO-4
(1:2) in alkaline media, the electrochemical performances
are performed in 3.0 M KOH electrolyte (Figure S4, SI) with
a range of potential of 2V. Figure S4a illustrates the CV
curves of NO-4 (1:2) in KOH electrolyte, and the specific
capacitance measured at scan rates of 2mV/s, 5mV/s,
10mV/s, 20mV/s, 40mV/s, 60 mV/s, 80mV/s, and 100 mV/
s are 9522F/g, 66.16F/g, 49.34F/g, 34.25F/g, 21.64F/g,
16.13F/g, 12.41F/g, and 8.98 F/g respectively. The specific
capacitance of the NO-4 (1:2) electrode in the KOH
electrolyte (Figure S4b, SI) is significantly less than in the
Na,SO, electrolyte (Figure 4(c)). Since the K" ions are larger
in size, results in the capability of desertion and insertion are
less when compared to Na* in neutral Na,SO, electrolyte [57].

To understand the charge storage behavior of as-
synthesized samples, we further analyzed the electrokinetics
by using Dunn’s method. The charge totality of electrodes
which shows pseudocapacitive behavior can be stored in
two different ways, namely, (i) capacitive and (ii) diffusive.
According to Dunn’s equations,

. b

i=anr’,

‘ (3)
logi=1loga+b.logv,

where “i” and “v” shows the current density (A/g) and sweep
rates (mV/s), respectively. The capacitive and diffusive con-
tributions of the pseudocapacitive electrodes were measured
by the derived “b” value from the equation above [58, 59].
For the absolute pseudocapacitive and diffusive character

to store total charge, the value of “b” should be 1 and 0.5
for capacitive and diffusive, respectively. The estimated “b”
value of prepared samples for cathodic and anodic peaks is
0.7 and 0.71 (M-1; Figure 5(a)), 0.67 and 0.7 (NO-1;
Figure 5(b)), 0.7 and 0.69 (NO-2; Figure 5(c)), 0.65 and
0.68 (NO-3; Figure 5(d)), 0.71 and 0.67 (NO-4;
Figure 5(e)), 0.83 and 0.79 (NO-5; Figure 5(f)), and 0.78
and 0.77 (NO-6; Figure 5(g)), respectively. The entire charge
for all the electrodes is stored (Figures 5(a)-5(g)) and was
found to be a combination of capacitive and diffusive bene-
factions. The extensive electrokinetic investigation was fur-
ther examined using CV plots of all synthesized electrode
materials. Peak currents in CV curves fluctuate with the scan
rate that is regulated by diffusive and capacitive processes
mediated by a redox reaction. Several approaches for denois-
ing diffusive and capacitive control processes for pseudoca-
pacitive electrodes have been reported [60, 61]. Brezesinski
et al., in particular, proposed a generalized equation for elec-
trokinetic studies employing CV studies at various sweep
rates. The normalized equations are given below [62]:

i(V)=kyv+kv'?,

i(v) (4)

g A2
W—klv +k,.

In this equation, “V” represents the potential, “v” repre-
sents the scan rate, and “k,” and “k,” represents the constants
and are used to calculate the capacitive and diffusive currents
of CV plots for prepared pseudocapacitive electrode materials.

The CV plots of capacitive (shaded area) and diftusive
contribution of all electrode materials are estimated to be
26% and 74% (M-1; Figure 5(h)), 18% and 82% (NO-1;
Figure 5(i)), 28% and 72% (NO-2; Figure 5(j)), 22% and 78%
(NO-3; Figure 5(k)), 34% and 66% (NO-4; Figure 5(1)), 31%
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TaBLE 1: R, R, and W of electrode materials.
S. no. Electrode material R, (Q) R, (Q) W (Q)
1 NO-1 9.244 5.074 0.01151
2 NO-2 (1:0.5) 29.53 4.944 0.01681
3 NO-3 (1:1) 7.25 6.596 0.009494
4 NO-4 (1:2) 6.71 3.093 0.0002829
5 NO-5 (1:4) 26.74 9.65 0.004124
6 NO-6 (1:8) 9.8 4.043 0.01587
4 .
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F1GURE 8: (a) CV plots of NO-4 at various scan rates in a two-electrode system. (b) CD plots of NO-4 at various current densities in a two-

electrode system. (c) The Ragone plot of NO-4//NO-4 SSD. (d) Cyclic stability plot of the NO-4//NO-4 SSD device.
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and 69% (NO-5; Figure 5(m)), and 29% and 71% (NO-6;
Figure 5(n)), respectively, at 2mV/s scan rate by Dunn’s
method. The maximum contribution of NO-4 is observed
from capacitive behavior than other NiO/g-C,N, electrodes,
which are accredited to higher specific capacitance.

Further, the capacitive and diffusive contributions of all
the prepared electrode materials are measured for diverse
scan rates (2-100mV/s) using CV curves. Figure 6 shows
the column plot illustration of the contribution of the capac-
itive and diffusive of all prepared electrode materials. For all
scan speeds, the NO-4 electrode has a highest capacitive
contribution, implying greater longevity and good electro-
chemical performances.

Moreover, the electrochemical impedance spectroscopy
(EIS) analysis helps to determine the resistance of charge
transfer (R,) of each prepared electrode. Figure 7(a) shows
the Nyquist plot of all the electrodes. From the figures, at
the lower frequencies, the radius of the depressed semicircle
is attributed to the charge transfer resistance (R,), and the
linear straight line at high frequency corresponds to the
Warburg resistance (W) that is due to diffusion of ions in
the interface of the electrolyte and the active electrode [63].
The observed depressed semicircle could be ascribed to the
increment of relaxation time and IR drop (observed from
CD plot (Figure 4(d))) with respect to the electrode and elec-
trolyte interface [64, 65]. The resistance of charge transfer
(R,) with the resistance of the solution (R,) and the War-
burg resistance (W) of all the synthesized electrode materials
such as NO-1, NO-2 (1:0.5), NO-3 (1:1), NO-4 (1:2), NO-
5(1:4), and NO-6 (1:8) is tabulated in Table 1. The NO-4
(1:2) shows lower R, and R, hence providing higher con-
ductivity which helps to gain higher electrochemical perfor-
mances [66]. Further stability plays an important parameter
of active electrodes to understand the practical application.
Figure 7(b) demonstrates the long-term charge-discharge
test for 5000 cycles at 9 A/g under neutral electrolyte. The
specific capacitance for the 1°* CD cycle was measured to
be 42.75F/g at 9 A/g that was observed to be 36.5F/g at
9 A/g after 5000 CD cycles. A small change in specific capac-
itance for NO-4 suggests a prospective contender for
upcoming energy storage devices.

3.5. Symmetric Supercapacitor Device Configuration. The
performance of the as-prepared electroactive material for
supercapacitor application is examined in the neutral electro-
lyte of 1.0 M Na,SO, through a symmetrically configured two-
electrode arrangement. Since NO-4 showed a maximum spe-
cific capacitance in a three-electrode system, we choose to fab-
ricate NO-4 as a NO-4//NO-4 symmetric supercapacitor
device (SSD) for the two-electrode system with an electrode
mass of 1mg The CV profiles of NO-4//NO-4 SSD
(Figure 8(a)) at various scan rates of 10mV/s, 20mV/s,
40mV/s, and 80 mV/s were captured and exhibited the spe-
cific capacitance of 128.3F/g, 100.8F/g, 62.64F/g, and
40.23 F/g, respectively. From CV profile, a rectangular voltam-
metric area for as-fabricated SSD is observed in a stable poten-
tial window of 0V-2.0V [67, 68]. Furthermore, the GCD
analysis of NO-4//NO-4 has been carried out in the potential
of 2.0V, and the results are depicted in Figure 8(b). The
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NO-4//NO-4 SSD reveals specific capacitance of 18.28 F/g,
16.8F/g, 12.45F/g, 8.94F/g, and 6.5F/g at a current density
of 1A/g, 2A/g, 3A/g, 4A/g, and 5A/g, respectively. The
Ragone plot which helps to compare the performance of the
device [69] of NO-4//NO-4 SSD is shown in Figure 8(c), and
upon observation at the lowest current density of 1 A/g, the
maximal energy density of 10.13 Wh/kg is revealed with a par-
alleling power density of 1.01 kW/kg. As shown in Figure 8(d),
continuous 5000 charge and discharge cycles have been per-
formed for the NO-4//NO-4 SSD device at a current density
of 5A/g. It showed a capacitance retention of 96% after 5000
charge-discharge cycles.

4. Conclusion

In this investigation, NiO/g-C;N, nanocomposites were syn-
thesized via facile synthesis for supercapacitor applications.
We have found that varying the molar concentration of the
g-C;N, has a direct effect on the activities of electrochemical
and charge-storing performances. Compared with other syn-
thesized electrodes, NO-4 (1:2) nanocomposites are domi-
nant and show a specific capacitance of 161.3F/g at a
current density of 1A/g and a specific capacitance of
361.53 F/g at a scan rate of 2 mV/s under Na,SO, neutral elec-
trolyte. Also, under the KOH alkaline electrolyte, the best
material shows a specific capacitance of 95.22 F/g at a scan rate
of 2mV/s. By investigating the two-electrode performance of
NO-4//NO-4 SSD, it showed a specific capacitance of 18.23
at a current density of 1A/g with an energy density of
10.13 Wh/kg and a power density of 1.01kW/kg. The cyclic
stability of the device is measured after 5000 cycles, and it
shows a specific capacitance retention of 96%. Hence, the
NiO/g-C;N, with a molar concentration of 1:2 ratio promises
a potential electrode material for the upcoming applications in
supercapacitors due to its smaller particle size, lower charge
transfer resistance, and higher capacitive contribution. Also,
from the electrokinetic analysis, it is obvious that the capaci-
tive and diffusive actions played a crucial role in the high
charge storage performance of the best electrode.

Data Availability

Data is available upon appropriate request from the corre-
sponding authors.

Disclosure

Preprint details are available on this site: doi:10.2139/ssrn
4396592.

Conflicts of Interest

The authors declare no competing interests.

Acknowledgments

This research was supported by the Basic Science Research
Program through the National Research Foundation of
Korea (NRF) funded by the Ministry of Science, ICT and
Future Planning (2021R1A2C2091497).


https://doi.org/10.2139/ssrn.4396592
https://doi.org/10.2139/ssrn.4396592

16

Supplementary Materials

Figure S1: FE-SEM image of pure g-C;N, (M-1) sample.
Inset shows the average particle size distribution. Figure
S2: CV profiles of the samples at various scan rates: (a) M-
1, (b) NO-1, (c) NO-2, (d) NO-3, (e) NO-5, and (f) NO-6,
respectively. Figure S3: CD profiles of the samples at various
current densities: (a) M-1, (b) NO-1, (c) NO-2, (d) NO-3, (e)
NO-5, and (f) NO-6, respectively. Figure S4: (a) CV curves
of NO-4 (1:2) at scan rates of 2-100mV/s under 3.0 M
KOH electrolyte and (b) specific capacitance of NO-4
(1:2) nanocomposites as a function of scan rates. Table S1:
specific capacitance of the NiO-based nanocomposites.
(Supplementary Materials)
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