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comparable current density conditions.

High-performance energy storage devices are required as consumer
electronics, electric vehicles, and smart meters grow at a rapid pace. Supercapacitors are
currently considered one of the highly promising energy devices for upcoming energy
technologies. Herein, NiO/NiS:@nitrogen doped carbon composite was used as a hybrid
supercapacitor electrode. Several techniques, including scanning electron microscopy
(SEM) and transmission electron microscopy (TEM), were applied to evaluate the
interfacial properties and structure of the as-synthesized NiO/NiS:@NC.Moreover, X-
ray diffraction (XRD) confirmed the synthesis of NiO and NiS: crystalline phases with a
distinct carbon peak at 20=23° that revealed the formation of NiO/NiS: over N-doped
Interestingly, the synergetic interaction between NiS, and NiO enhances
performance,
significantly boosts surface area and specific capacitance. The electrochemical
characteristics were thoroughly investigated in a 3 M KOH solution by using the
techniques of cyclic voltammetry (CV) and the galvanostatic charge-discharge (GCD)
approach. NiO/NiS:@NC has enhanced electrochemical performance, obtaining a
specific capacitance of 1134 F gt at 1 A g!, whereas NC reaches 369 F g under

while nitrogen-doped carbon

Keywords: Polyacrylamide, nitrogen-doped carbon, electrochemical supercapacitor.

1. Introduction

The growing depletion of energy from fossil
fuels, coupled with concerns about accelerated
global warming linked to fossil fuel
consumption, requires the urgent exploration of
renewable energy alternatives, including wind,
tidal, and solar energy.l # Nonetheless, the
mentioned renewable energy sources face
sustainability challenges and are constrained by
temporal or regional factors; an electrochemical
energy storage system is needed to attain their
practical application.® Consequently,
Significant advancements have been observed
in the realm of energy storage devices, which
have attracted interest as a feasible approach to
address pressing issues related to the heavy
reliance on fossil fuels. Amongst these energy
storage technologies, supercapacitors (SCs)
have garnered considerable attention as
promising storage solutions,” due to they
possess high capacitance, extended cycle life,

rapid  charge-discharge  rates,  minimal
environmental effect, and outstanding cycling
performance.” ® SCs are commonly classified
into three basic types: pseudocapacitors(PCs),
hybrid supercapacitors (HSCs), and electric
double-layer capacitors (EDCLSs), which differ
in their electrochemical energy storage process.

PCs exhibit remarkable charge storage
capabilities and facilitate rapid, reversible
faradic reactions occurring at the interface of
active materials. EDLCs exhibit a notably
reduced capacity in  comparison  to
Pseudocapacitors. The reliability of PCs
declines due to the breakdown of the active
material's  structure.” Moreover, hybrid
supercapacitors are considered effective in
energy storage due to their elevated specific
energy capacity, which is attained by
combining high  voltage  with  the
complementary features of EDLC and PCs.
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Nonetheless, HSCs provide extraordinary
electrical power and exceptional cycle stability,
making them very suitable for a variety of
energy storage applications.’

A variety of initiatives have been
undertaken, such as the development and
construction of hierarchical structures, the
synthesis of materials aimed at current
collectors, the application of dopants, and the
preparation of conducting polymers (CPs) to
improve the capacitance of SCs.®'® N-doped
carbon produced from conducting polymers and
metal sulfides has garnered significant attention
as electrode materials for supercapacitors to
meet the energy demands of portable devices
and renewable energy storage applications.**

In recent years, there has been extensive
investigation and application of transition-metal
oxides and sulfides with diverse chemical
valence states as electrode materials for
supercapacitors.?> NiO stands out among them
because it is inexpensive, exhibits clear redox
behavior, has a high theoretical specific
capacitance, and is environmentally friendly.*®
Nonetheless, the actual specific capacitance of
NiO is significantly inferior to its theoretical
value due to elevated charge-transfer resistance;
this reduction continues to pose a substantial
hurdle for its practical application.** To tackle
this issue, efforts have been made to enhance
the performance of NiO by incorporating it
with carbon-based conductive materials, like
graphene and carbon nanotubes. They also used
transition-metal sulfides, particularly nickel
sulfides, in the NiO system, as nickel sulfides
possess greater crystal lattice dimensions and a
narrower band gap compared to NiO."™ These
differences alter electron transfer rates, leading
to faster and reversible redox processes, lower
charge-transfer  resistance, and  higher
conductivity.

The composition has significant effects on
the electrochemical characteristics of the SC
substance. In the context of carbon
nanomaterials, the introduction of heteroatoms,
like nitrogen, enhances the electrochemical
activity of the product.'® Doping of heteroatoms
such as nitrogen into the carbon structure
modifies the electron distribution among
adjacent carbon atoms, leading to the creation
of an active site that contains nitrogen in

nitrogen-doped carbon (NCs). Post-treatment,
in-situ doping, and carbonization are prevalent
methods for integrating nitrogen into the carbon
framework.)”  Nonetheless, the intrinsic
limitations, including the time-intensive nature,
the production of hazardous gaseous
byproducts (NHs), and the elevated complexity
associated with in-situ doping and post-
processing, have constrained their application.
Consequently, direct carbonization has surfaced
as an uncomplicated method for producing N-
doped carbon compounds and has been the
focus of extensive investigation.'* The
materials that can serve as precursors for direct
carbonization may encompass synthetic
polymers, including polypyrrole, polyaniline,
polyacrylamide and polyacrylonitrile.”®
Polyacrylamide (PAM) is a polymer
characterized by its richness in nitrogen and
carbon, which can undergo carbonization and
subsequently establish a conductive network,
thereby improving the stability and electrical
conductivity of materials.* In this study, we
developed a cheap and efficient synthesis
technique of nitrogen-doped carbon using
crosslinked polyacrylamide gel as a carbon and
nitrogen source with nickel sulfide that was
formed by facile hydrothermal followed by a
carbonization process. For novel NiO/NiS;
@NC, the presence of N-doped carbon derived
from polyacrylamide provides a high surface
area and facilitates electron transfer. Moreover,
the synergetic effect between nickel sulfide and
nickel oxide provides rich redox sites. This
distinctive  combination yields improved
conductivity, reliability of structure, and
electrochemical performance in comparison
with the conventional NiO/NiS; electrode. The
catalytic behaviors of NiIO/NiS, @NC were
explored in a KOH electrolyte (3 M) by
adopting SCs as a benchmarked system. The
results demonstrate that NIO/NiS, @NC
displays outstanding specific capacitance (1134
Fgtatl A g"'), compared to NC, which has
369 F g! at the same current density.

2. Materials and methods
2.1. Materials and chemicals

Every chemical used was sourced from a
commercial source without any further
purification. Acrylamide (AAm), ammonium
persulfate (APS), nickel chloride hexahydrate
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(NiCl,.6H,0), potassium hydroxide (KOH),
hydrochloric acid (HCI), N, N -methylene
bisacrylamide(MBA), ethanol  (C,HsOH),
acetone (C3HgO), and distilled water were used
to prepare all aqueous solutions.

2.2. Synthesis of NiS;

NiS, was synthesized utilizing a simple
hydrothermal technique. To begin, 1 M of
NiCl,-6H,0 and 3 M of Na,S were dissolved in
100 mL of distilled water and stirred vigorously
for 4 hours. The homogeneous solution was put
into a 200 mL Teflon autoclave, subjected to a
temperature of 140 °C for 20 hrs. The autoclave
was then permitted to cool naturally. The
lightly colored precipitates were gathered
through filtration and subsequently rinsed with
water and acetone several times before being
dried in a vacuum oven at 65 °C for 18 hours.?

2.3. Synthesis of NiO/NiS, @NC

Firstly, 2.0 g of acrylamide was dissolved in
25 mL of distilled water. After that, 0.5 g of
NiS, was added to the previous solution under
stirring for 15 min. Then, while stirring
constantly, 0.025 g of MBA was added for 10
min. Subsequently, 0.1 g of APS was dissolved
in the previous mixture with continuous stirring
for another 10 min then transferred to the oven
at 80 °C for 1 hr or till gelation. After that,
nickel sulfide incorporated with hydrogel was
obtained and washed three times by distilled
water, then dried overnight and ground to small
particles in mortar. Finally, the ground particles
were calcined in a muffle at 700 °C for 2 hours
at a rate of 5 °C min™ to obtain NiO/NiS,@NC.
Pure nitrogen-doped carbon can be synthesized
using the aforementioned processes in the
absence of nickel sulfide.

2.3.1 The mechanism of production of NiS;

The first step to producing NiS: is when Ni**
reacts with S?” ions to form NiS intermediates.
These intermediates are then turned into NiS: in
the presence of extra sulfur species and under
hydrothermal conditions. The total reaction is.

Excess

VR pr— e T

Hydrathermal Reaction

2.4. Material Characterization

Diverse techniques were utilized to ascertain
the efficacy of the product. SEM (JEOL JSM
6510LV) was used to detect chemical

composition and morphologies. A transmission
electron microscope (JEOL JEM-2200FS) was
utilized to investigate the morphology of the as-
synthesized catalysts. The X-ray powder
diffraction  (XRD)  patterns  of  the
nanocomposites were obtained using Cu K,
radiation (A=1.5406A, Bruker D8 ADVANCE).
The catalysts were electrochemically analyzed
using Corrtest CS350, and then the resulting
data were fitted with CS workstation software.

2.5. Electrochemical Performances

Electrochemical studies were performed
using a Corrtest CS350 workstation. The
preparation of the working electrode involved
the combination of 80 wt% active material
(NIO/NiS;@NC), 10 wt% acetylene black, and
10 wt% polyvinylidene fluoride to create a
slurry. Subsequently, the slurry was applied to
Ni foam (1x1 cm?) and dried at 80 °C
overnight.  Electrochemical  measurements
started with the cyclic voltammetry (CV), then
galvanostatic charge-discharge (GCD) was
applied at different current densities. Finally, an
electrochemical impedance spectrum (EIS) was
conducted with a 5 mV amplitude across a
frequency range of 0.1 Hz to 100 kHz. All
measurements were carried out in a standard
three-electrode configuration in a 3 M KOH
solution. Platinum sheets and Ag/AgCl (KClI,
saturated) were utilized as reference and

auxiliary electrodes. The capacitance is
generally calculated using the equation
provided below:
_ It
CS_mAV (l)

Cs, I, At, m, and AV represent the specific
capacitance (F/g), current at the discharge (A),
discharge duration (s), specific mass (g) of the
material in use, and voltage variation (V),
respectively.

3. Results and Discussion
3.1. Specifications of the Materia

XRD was applied to verify the structure and
phase composition of the (NiO/NiS,; @NC).

Fig. 1(a) displays the XRD pattern of
NiO/NiS; @NC. The diffraction peaks of the
composite can be observed at 260 = 31.7° and
45.5 °, which are attributed to (200) and (220)
planes of NiS, (JCPDS No0.89-3058).> In
addition, peaks at 20 = 19.2° and 32.3°are
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assigned to the (001)and (300) planes of NiS
phase (JCPDS No. 86-2281) that formed due to
the decomposition of NiS;, at high calcination
temperatures to a hybridized structure of
NiS2/NiS.%* ® Furthermore, the peaks at 20 =
37.3°, 43.4°, 63°, 75.7°, and 79.8°, which are
related to (111),(200),(220),(311), and (222)
planes of NiO peaks (JCPDS:65-5745). The
sharp intensity of these peaks confirmed

domination of NiO in the sample.?® Notably,
peaks at 20 = 28.4° and 29.4° correspond to
(311) and (313) planes of an excess of
sulfur.?’The peak at 20=23° was attributed to
the (002) plane of graphite, which confirmed
the synthesis of N-doped carbon.
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Fig.1: (a) XRD patterns of NiO/NiS,@NC

The structure and surface morphology have
been evaluated by SEM and TEM. As shown in
Fig. 2a, the SEM image revealed that
NiO/NiS;@NC particles have the spherical
shape of NiO, confirming the overwhelming
presence of NiO, which matched the XRD
result. In addition, the TEM micrograph clearly
indicates that the nanoparticles are virtually
uniform in size, with a spherical shape of NiO.

3.2.  Electrochemical performance of
NiO/NiS; @NC.

Fig. 3 illustrates the cyclic voltammetry
curves in a 3 M KOH electrolyte, for
NiO/NiS,@NC and NC across a potential range
of (0.0- 0.45 V) with a scan rate of 10 mV/s.
Each electrode exhibits a pair of redox peaks,
suggestive  of faradaic  pseudocapacitive
behaviour. Interestingly, the NIO/NiS,@NC
electrode possesses the largest integrated CV
curve area and the greatest current peak,
consistent with its enhanced morphological and
structural attributes.

GCD curves (Fig. 3b) demonstrate that the
discharging time of the NIO/NiS2@NC is
notably extended, leading to enhanced
capacitance values, which align with its CV
results. The excellent symmetry of the GCD
curves implies  superior electrochemical
reversibility and Coulombic efficiency.
Moreover, different current densities, ranging
from 1 to 10 A g* were applied to
NiO/NiS,@NC and NC, as shown in (Fig. 3¢ —
d).
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Fig. 3: (a) Cyclic voltammetry curves of

NiO/NiS,@NC and NC at 10 mV s*, (b) GCD
plots of NiO/NiS,@NC and NC at 1 A g™,
GCD at different current densities of (c) NC
and (d) NiO/NiS,@NC.
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Fig.4 exhibts the specific capacitances of
NC and NiO/NiS,;@NC electrodes from 1 to 10
A g' using GCD (Eq.1). The figure indicates
that the NiO/NiS,@NC electrode has a larger
capacitance than the NC electrode. At 1, 3, 5, 7,
and 10 A g, the specific capacitances of the
NiO/NiS,;@NC electrode are 1134, 978, 923,
882, and 717 F g™, respectively, which are
greater than those of the NC electrode (3609,
319, 282, 258, and 250 F g).
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Fig. 4: Coulombic efficiency at different
current densities of NC and NiO/NiS,@NC

EIS is commonly used to study the
electrolyte ion transport characteristics of
electrode materials for SCs. The Nyquist
curves, as shown in Fig. 5, are composed of a
semicircle (at high frequencies) and a steep
straight line (at low frequencies). A
comparative analysis of NC and
NiO/NiS,@NC electrodes reveals that the
NiO/NiS;@NC hybrid electrode demonstrates
lower charge transfer (R=8 ) in comparison
to NC (R=12 Q), indicating enhancement of
electrical conductivity of NiO/NiS,@NC.
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5. Conclusion

In this study, a NiO/NiS,@NC composite
was efficiently synthesized using an effortless
procedure. In the heterogeneous structure of the
synthesized material NiO/NiS,@NC derived
from PAM, which is abundant with carbon and
nitrogen and  has  unusual  gelation
characteristics, permitting in-situ reduction of
the trapped metal ions during heat treatment.
Additionally, N-doped carbon plays a crucial
role in enhancing supercapacitor performance
by increasing the surface area, specific
capacitance, and retention rate. The synergistic
interaction between NiS;, NiO and nitrogen-

doped carbon provides further
pseudocapacitance  and enhances  the
conductivity of the electrode. Thus,
NiO/NiS,@NC exhibits outstanding

performance in supercapacitors, with a specific
capacitance of up to 1134 F gt at 1 A g*
compared to NC, which delivers a specific
capacitance of 369 A g-' at the same current
density. While the NiO/NiS:@NC composite
demonstrates impressive specific capacitance,
there remains a need for further optimization
regarding its long-term performance at elevated
current densities and in the context of large-
scale electrode fabrication. Future efforts will
concentrate on enhancing structural stability
during prolonged cycling, examining scalable
synthesis techniques, and exploring additional
heteroatom-doped carbon supports to further
improve electrochemical performance.
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