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In this work, an ion exchange-mediated sulfidation technique was adopted for the fabrication of a sulfur
vacancy-assisted N-NiCo,S4/S-g-CsN4 nanocomposite (abbreviated as S'N-NCS/S-g-CN). The synerg-
istic integration of S'N-NCS and S-g-CN, its impact on electrochemical capacitive performance and the
charge storage mechanism of the nanocomposite were investigated via the power law as well as the
Dunn and Trasatti methods. The S'N-NCS/S-g-CN nanocomposite offers the characteristic features of a
battery-type electrode material. It delivers a specific capacity of 1034 C gt at 1 A g~ ! in 2 M aqueous
KOH electrolyte, and its performance significantly improved relative to pristine materials. Furthermore, it
demonstrates excellent long-term cyclic stability performances and 94.1% capacitive retention after
10000 cycles. A completely altered charge storage mechanism was observed from the diffusion-
controlled (S'N-NCS) to capacitive-controlled mechanism in the S'N-NCS/S-g-CN electrode. Further-
more, the presence of sulfur vacancies and incorporated g-CszN4 in the S'N-NCS/S-g-CN
nanocomposite induces a higher diffusion coefficient value of 2.38 x 1077 cm? s relative to S'N-NCS
(ie., 2.21 x 1077 cm? s7Y) and has significant impacts on the performance and efficacy of the electrode
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1. Introduction

Population growth, industrialization, and higher living stan-
dards have increased fossil fuel consumption and environmen-
tal issues, and this has shifted research focus to zero emissions
and adoption of renewable energy resources to mitigate the
energy and environmental issues. Renewable sources such as
wind, water, and tidal power are promising but intermittent,
highlighting the need for high-performance, low-cost energy
storage devices."” In this regard, electrochemical energy sto-
rage systems are vital. Among them, supercapacitors are nota-
ble for their low cost, fast charge-discharge rates, high power
density, and long cyclic stability compared to conventional
capacitors.>® However, further assessment of the practical
application of supercapacitors is highly impeded by their energy
density in comparison to batteries. Therefore, simultaneously
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kinetics, and the charge storage mechanism.

pursuing improvement in energy density, high specific capaci-
tance and power density as well as a wider potential window of the
electrode material is often considered a holy grail approach for
supercapacitors. Among various electrode materials, transition
metal oxides have been widely investigated and intensively stu-
died for supercapacitor application because of their high theore-
tical capacitance, low cost and nontoxic nature.>® However, the
foremost bottleneck is poor intrinsic electrical conductivity, which
restricts electron transport and results in low-rate performance
and low stability, impeding the practical application of oxide-
based electrode materials.””® Transition metal sulfide (TMS) has
gained significant attention as a superior supercapacitor electrode
material compared to transition metal oxide because of its
remarkable electrochemical performances due to its excellent
intrinsic electrical conductivity and high specific capacitance.”*

Among TMSs, NiCo,S; has earned considerable research
attention in the field of supercapacitors.” However, the electro-
chemical performance of NiCo,S, is still unsatisfactory as it is
hindered by sluggish ion and electron transport as well as
volume expansion during charge-discharge cycles, which
increase resistance and disrupt particle contacts. Recently, to
enhance intrinsic activity, the engineering of intrinsic defects

© 2025 The Author(s). Published by the Royal Society of Chemistry
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has been considered a smart strategy to further develop a
transition metal compound catalyst. Vacancy engineering
emerged as an effective approach to improve the ion/electron
transfer paths and ensure fast diffusion kinetics, leading to
improvement in the energy storage capacity.'>"? As a kind of
special intrinsic defect, anion vacancies have the ability to
modify the electronic structure, induce to optimize the adsorp-
tion free energy of the catalyst, as well as improve the con-
ductivity and active sites of the catalyst."*™° It also acts as a
negative charge centre, which attracts positive charge ions to
accelerate the reaction kinetics and eventually enhance the
electrochemical energy storage properties of the electrode
material.">'”*® In spite of the possible benefits of anionic
vacancies, the ability to control vacancy concentration and
adjust their distribution is one of the prime objectives for
vacancy-assisted materials.’® These challenges have promoted
researchers to develop compositionally engineered NiCo,S,
electrode materials.

In recent years, the integration of NiCo,S, with a two-
dimensional material (such as graphene, g-C;N,, Mxene, tran-
sition metal dichalcogenides) has gained significant attention,
as it may enrich energy capabilities, as well as provide new
opportunities to develop a potential electrode material for
supercapacitor application.">*® Among all, graphitic carbon
nitride (g-C3;N,) is analogous to graphene, owing to its inter-
disciplinary attention as a fascinating 2D material.>"** The rich
concentration of N in g-C;N, provides a large number of active
centres for faradaic reactions, and enhances the surface perme-
ability property, enabling the wettability property of the mate-
rial as a result of the charge carrier to be adsorbed, transmitted
and diffused easily on the surface of the electrode. These
properties make g-C3;N, unique, and enables g-C;N, as a
potential active substrate material for supercapacitor applica-
tion. Moreover, g-C3N, possesses excellent mechanical strength
and structural flexibility properties, and these features signifi-
cantly impact the long-term stability performance.>*** However,
the poor separation between the HOMO and LOMO of g-C3N,
causes quick annihilation of the electron and hole pair in the
material, which effectively hinders the electrochemical perfor-
mances and is considered as one of the major bottlenecks of
g-C3N,.>® Thus, to overcome the conductivity issues of g-C;N, it
has been modified with various hetero atoms. However, the
electrochemical performances are still not satisfactory.”*>® So,
to augment the property of the material, synergistic integrations
of g-C;N, with other redox-active materials may significantly boost
the energy storage performance, and establish it as an eminent
electrode material.>**® Earlier, Zhongchun Li et al hydro-
thermally grew NiCo,S, nanosheets on porous g-C;N, nanosheets,
which showed a specific capacity of 506 C g™* at 1 A g '%!
Similarly, Lu-Yin Lin et al. fabricated the NiCo,S,/S-doped g-C;N,
composite using thermal polymerization and hydrothermal
reaction techniques, and it offers a specific capacity value of
3510 Fg lat1Ag '

Therefore, by taking inspiration from these concepts, we have
fabricated a sulfur vacancy-assisted nitrogen-doped NiCo,S,/
S-g-CN [S'N-NCS/S-g-CN| nanocomposite, which synergistically
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provides conductivity, increases active sites, promotes ion diffu-
sion, suppresses volume expansion, and enhances the structural
stability property. Collectively, these properties have a significant
impact over the supercapacitor performances. Herein, by using
the solvothermal technique for the first time, we have prepared
the sulfur vacancy-assisted nitrogen-doped NCS/S-g-CN nanocom-
posite. Primarily, both pristine material NiCo,0, and g-C3N, were
prepared through hydrothermal and calcination method. Later,
upon solvothermal sulfidation process, both pristine materials
form the sulfur vacancy-assisted N-NCS/S-g-CN nanocomposite.
The physicochemical and morphological analysis strongly con-
firms the good integration of the sulfur vacancy-assisted N-NCS/S-
2-CN (S'N-NCS/S-g-CN) nanocomposite, which delivers a specific
capacity of 1034 C g~ ' at 1 A g~ * in 2 M aqueous KOH electrolyte
and excellent long term cyclic stability with 94.1% capacitive
retention after 10 000 cycles. The explored detailed electrochemi-
cal kinetics reveal that the S'N-NCS/S-g-CN nanocomposite is
capacitively dominant in nature. However, S'N-NCS possesses a
diffusion-controlled dominant charge storage mechanism. The
dominant capacitive charge storage contribution in the S'N-NCS/
S-g-CN electrode might be due to the integration of S'N-NCS with
S-g-CN. The integration has an impact over the superior electronic
conductivity, promoting the ion diffusion ability and increases the
number of actives sites, suppresses the volume expansion of the
material, and achieves facile charge carrier transport, which
significantly increases the performance and stability of the elec-
trode material. To the best of our knowledge, the proposed
synthesis method and the observed result are unique and novel
to the scientific community, and have not yet published. Owing to
the remarkable electrochemical properties of the S'N-NCS/S-g-CN
nanocomposite, this paper can pave a road map towards the
design of this class of futuristic material not only in the field
of supercapacitors, but also in the domain of HER, OER and
electrochemical sensors.

2. Experimental section

2.1. Synthesis of g-C;N, (g-CN)

In a typical synthesis process, 10 g urea (Merck) was taken
in an alumina crucible. The crucible was semi-closed with a
lid, and subjected to calcination for 2 h at 600 °C at a heating
ramp of 15 °C min~". The calcined product is abbreviated
as g-CN.

2.2. Synthesis of NiCo,0, (NCO)

NiCo,0, was prepared by adopting the same synthesis method,
which was earlier reported by our group.® In a typical synthesis
process, NiNO;-6H,O (Aldrich, 99.0%) (2 mmol) and CoNO;-
6H,0 (Aldrich, 99.0%) (4 mmol) were dissolved in 70 mL of
distilled water. Thereafter, 18 mmol of urea (Merck) was added
to it. The above solution was stirred at normal room tempera-
ture to obtain a clear pink solution. Subsequently, the above
solution was transferred to a Teflon-lined steel autoclave and
subjected to a hydrothermal process at 110 °C for 10 h. After
cooling, the sample was collected, and simultaneously washed
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with water and ethanol, followed by drying at 80 °C for 12 h.
The dried powder was collected and calcined at 450 °C for 2 h at
a heating ramp of 10 °C per minute. The formed product is
abbreviated as NCO.

2.3. Sulfidation of NiCo,0, (S'N-NCS)

For the sulfidation process, 63.2 mg of NCO was taken and
dispersed in 40 mL of ethanol and sonicated for 10 min. Then,
to the suspension, 0.158 gm of thioacetamide (TAA) was added
and sonicated for 20 minutes, and sealed in a 50 mL Teflon-
lined steel autoclave at 160 °C for 6 h. The Teflon was allowed to
cool naturally. Then, the product was washed and collected
through centrifugation and dried at 80 °C for 12 h. The dried
product was abbreviated as S'N-NCS (Sulfur vacancy-assisted
nitrogen-doped NiCO,S,).

2.4. Sulfidation of NiC0,0,/g-C5N, (S'N-NCS/S-g-CN)

Prior to the reaction, 63.2 mg of NCO and 31.64 mg of g-CN was
taken and dispersed in 40 mL of ethanol and sonicated for
10 min. Then, to the suspension, 0.158 gm of thioacetamide
(TAA) was added and sonicated for 20 minutes, and sealed in a
50 mL Teflon-lined steel autoclave at 160 °C for 6 h. The Teflon
was allowed to cool naturally. Then, the product was washed
and collected through centrifugation and dried at 80 °C for
12 h. The detailed synthesis process is schematically repre-
sented in Scheme 1. The as-prepared compositional engineered
material was abbreviated as S'N-NCS/S-g-CN (Sulfur vacancy-
assisted nitrogen-doped NiCo,S,/S doped g-C3N, composite).

2.5. Sulfidation of g-C3;N, (S-g-CN)

Sulfidation of g-C3N, (abbreviated as S-g-CN) has been carried
out by adopting the same synthesis procedure followed for
sulfidation of NiCO,0,/g-C3Ny, by ignoring NCO and its weight.

|| Ureasolution

LW/N

Scheme 1 Synthesis process of the S'N-NCS/S-g-CN nanocomposite.
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3. Characterizations

The synthesized electrode materials were characterized by X-ray
diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
Fourier transform infrared spectroscopy (FTIR), Field emission
scanning electron microscopy (FESEM) and high-resolution
transmission electron microscopy (HRTEM). The PXRD pat-
terns of all prepared materials (NCO, g-CN, S'N-NCS, S-g-CN,
S'N-NCS/S-g-CN) were recorded on a Rigaku Miniflex powder
diffractometer using Cu-Ka radiation within the 20 range
from 10° to 80° at a sweep rate of 0.01° sec”*. HRTEM images
were obtained on a Tecnai G2, F30 operated at 300 kV. Prior
to HRTEM analysis, samples were sonicated in ethanol for
30 minutes and then drop-dried on a copper grid-coated carbon
film. XPS measurements were carried out on an Axis Supra
ESCA system (Kratos Analytical, UK) equipped with monochro-
matic Al-Ko (1486.6 €V). The C 1s peak at 284.9 eV was taken as
the reference peak, and the main peaks were deconvoluted
using Origin Pro 8 software by fitting curves with a Gaussian
distribution function. FTIR spectra were measured on a JASCO
FT/IR-4600 instrument. N, adsorption-desorption isotherms
were performed at liquid nitrogen temperature (77 K) on an
ASAP-2020 (an automated surface area and porosity analyzer).
Prior to analysis under vacuum conditions, the samples were
degassed at 200 °C for 8 h. FESEM images were collected on a
Carl Zeiss Model Supra 55 (Germany). Raman spectra were
obtained using a Renishaw InVia Raman Microscope with laser
excitation at 532 nm. Electrochemical measurements were
carried out with a potentiostat/galvanostat (IVIUM-VERTEX).
3.1. Fabrication of the electrode for the electrochemical
supercapacitor

The electrochemical measurements of all prepared samples
(NCO, g-CN, S'N-NCS, S-g-CN, S'N-NCS/S-g-CN nanocomposite)
were carried out using the three-electrode system at room
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temperature with aqueous 2 M KOH as the electrolyte. Electro-
chemical studies were carried out by performing cyclic voltam-
metry (CV) and galvanostatic charge discharge (GCD)
techniques. For electrochemical studies, the electrode was
fabricated by adopting the so-called “Latex” method. Primarily,
the prepared materials were mixed with carbon black to ensure
good conductivity and Nafion to enhance the elasticity prop-
erty. Here, the weight ratio of the mixture was 80:16:4 for the
as-prepared samples:carbon black:Nafion, respectively. In this
mixture, ethanol is used as a solvent to prepare a viscous elastic
paste. The as-obtained paste was deposited through drop-
casting method onto a (1 x 1 cm?) piece of nickel foam. Then,
the deposited nickel foam was dried at 80 °C for 12 h to
evaporate the used solvent, and mechanically pressed at
10 MPa for 10 s using a hydraulic press. Prior to use, the nickel
foam (as a current collector) was properly washed using HCI,
distilled water and acetone separately for 10 minutes, and dried
at 80 °C for 12 h. As a consequence of this hydraulic press, the
applied slurry paste over the Ni foam thoroughly penetrated the
pores of the nickel foam, helping to provide an excellent
mechanical linkage and ensure a robust electrical contact.
The modified nickel foam was used as a working electrode,
whereas Pt wire and Hg/HgO were used as the counter and
reference electrodes, respectively, in a three-electrode system.
Herein, the working potential window is optimized at 0-0.6 V
vs. Hg/HgO electrode. The mass deposited on the nickel foam
is ~2 mg.

3.2. Specific capacity calculation

The specific capacity has been calculated from the i-¢ curves
obtained from the constant current charge discharge measure-
ment using eqn (1).*

QS:IXAI (1)

m

Here, Q; is the specific capacity (C g™'), I is the discharging
current, At is the discharge time, and m is the mass of the active
deposited material on the nickel foam.

The specific capacity (Q;) in terms of (F g ') has been
estimated using eqn (2).>*

I x At

O = v ®)

4. Results and discussions

To identify the phase structure of the prepared materials (g-CN,
S-g-CN, NCO, S'N-NCS, S'N-NCS/S-g-CN), a powdered X-ray
diffraction study was performed and is represented in Fig. 1.
The diffraction pattern observed for g-CN reveals two distinct
peaks at 13.1° and at 27.3°. The diffraction peak observed at
13.1° is identified as the (100) crystal plane, and arises due to
the periodic in-plane packing (d = 0.687 nm) of the tri-s-triazine
units in the aromatic system.>* The strong peak appearing at
27.3° is identified as the (002) crystal plane, which corresponds

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 XRD patterns of the g-CN, S-g-CN, NCO, S’'N-NCS, S'N-NCS/S-g-
CN nanocomposites.

to the long range interplanar stacking (d = 0.325 nm) of the
aromatic systems. Notably, a similar diffraction pattern relative
to g-CN has been observed for S-g-CN, suggesting the preserva-
tion of the g-CN structure. Moreover, a slight shift of the
diffraction peak towards higher 20 value and weakening of
the diffraction peak intensity were observed in S-g-CN. The
weakened intensity of the diffraction peak found for S-g-CN
might be due to modification in the CN network, such as lattice
distortion, decreasing distance of CN layers, reduction in the
planar size of the layers, and a decrease in the crystallinity.”?
The diffraction peaks observed for NCO appeared at 20 values
of 18.8°, 31.1°, 36.7°, 38.4°, 44.6°, 55.4°, 59.1°, 64.9°, and at
77.0°, corresponding to the (111), (220), (311), (222), (400),
(422), (511), (440), and (533) crystal planes of the cubic-spinel
NiCo,0, phase (Code No. 20-0781), respectively.>® After sulfida-
tion of NCO with the assistance of thioacetamide (S'N-NCS), a
completely different diffraction pattern was found in compar-
ison to NCO. The diffraction peaks are positioned at 26 values
of 16.3°, 26.8°, 31.6°, 38.3°, 50.4° and 55.3°, and are well
indexed to the (111), (220), (311), (422) and (440) planes of
the cubic phase of NiCo,S, (Code No. 20-0782), respectively.*®
Furthermore, in the S'N-NCS/S-g-CN nanocomposite, a diffrac-
tion peak that is similar to that of S'N-NCS and S-g-CN was
found, suggesting the formation of S'N-NCS/S-g-CN. However,
this peak is weaker in intensity than that of S'N-NCS and S-g-
CN, suggesting the lower crystallinity and amorphous nature of
S'N-NCS/S-g-CN. No other diffraction peak was found in NCO,
S'N-NCS and in S'N-NCS/S-g-CN, suggesting the purity of the
prepared materials.

The surface morphologies of all materials were evaluated
by FESEM, where g-CN shows irregular flake-like structures
(Fig. 2(a)). Furthermore, S'N-NCS displays pseudo-spherical
or cylindrical particles (Fig. 2(b)). Fig. 2(c) confirms the

Mater. Adv,, 2025, 6,1442-1454 | 1445
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Fig. 2 FESEM micrographs of (a) g-CN, (b) S’N-NCS, and (c) S'N-NCS/S-g-CN; (d) HRTEM micrograph for g-CN, (e) and (f) HRTEM micrographs

for S’N-NCS, (g)—(i) HRTEM micrographs for S’N-NCS/S-g-CN.

quasi-three-dimensional structure, resulting from the close
interaction of S'N-NCS and g-CN in the composite material.
The elemental compositions of S'N-NCS and S'N-NCS/S-g-CN
were qualitatively analyzed using the EDAX (Energy Dispersive
X-ray spectroscopy) technique, and are presented in Fig. S1
(ESIT). This analysis revealed the distribution of individual
components, including C, N, S, Ni, and Co, thereby strongly
validating the successful formation of the material with appro-
priate ratios. Furthermore, HRTEM was used to gain insight
into the internal morphology. The clear crumpled flake and
sheet-like resemblance structure of g-CN is validated from
Fig. 2(d), which occurs as a result of the thermal annealing
process of melamine. In the post-sulfidation process, S'N-NCS
(Fig. 2(e)) displays agglomerated spherical-like particles, and
the HRTEM images presented in Fig. 2(f) confirm the sulfur
vacancy from the distorted fringes. In the composite S'N-NCS/
S-g-CN (Fig. 2(g)), the materials show a pharaohs snake
(i.e., elongated and twisted structure). This particular structure
has a high surface-to-volume ratio that directly contributes to
enhancing the electrochemical performance, owing to the easy
mass transportation and superb ion diffusion. This is due to
the thin, crumpled sheet-like structure of g-CN providing a
framework-like arrangement for S'N-NCS to grow, which cre-
ates branches from its origin and spreads towards S-g-CN. The
intimate interaction between S'N-NCS and S-g-CN can be
verified from Fig. 2(h), and the HRTEM image presented in

1446 | Mater. Adv,, 2025, 6, 1442-1454

Fig. 2(i) shows the d-spacing of the 0.164 nm attributed to the
(440) planes of S'N-NCS. The close interaction shown in the
S'N-NCS/S-g-CN structure gives rise to superb electrochemical
performance, as demonstrated by the long-cyclic stability and
high specific capacitance, offering a balanced energy storage
ability. Furthermore, the polycrystallinity of S'N-NCS and S'N-
NCS/S-g-CN is verified from the SAED (selected area electron
diffraction) pattern shown in the insert of Fig. 2(f) and (i). The
disorder fringes of the composite also clearly provide evidence
of the vacancies present in S'N-NCS/S-g-CN, which show
enhanced electrochemical performances.

XPS measurements were performed to explore the surface
chemical oxidation states of S'N-NCS, S'N-NCS/S-g-CN and
S-g-CN. The survey scan spectra of S'N-NCS, S'N-NCS/S-g-CN
and S-g-CN are represented in Fig. 3(a). The survey scan spectra
of S'N-NCS, S'N-NCS/g-CN attest the existence of elements, like
Ni, Co, N, O, C and S, as shown in Fig. 3, (B) and (C). As shown
in Fig. 3b, (A) and (B), the Ni2p peak is split into two spin-orbit
components, ie., Ni2pz, and Ni2p;,, for S'N-NCS and S'N-
NCS/S-g-CN, respectively. Furthermore, each component is
deconvoluted into two peaks, corresponding to the Ni** and
Ni*" states, along with their respective satellite peaks. The Ni-
deconvoluted peaks for Ni2p;/, appearing at the binding ener-
gies of 853.1eV and 856.9 eV indicate the presence of the
Ni** and Ni*" states, respectively, for S'N-NCS. Similarly, for
the Ni2p,,, peak appearing at the binding energy of 870.5 eV,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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this indicates the Ni** state and the peak at 874.3 eV denotes
the Ni** states. Furthermore, the corresponding satellite peaks
appearing at 861.9 eV and 880.5 eV correspond to Ni2p;/, and
Ni2p;,, respectively. However, for S'N-NCS/S-g-CN, there is a
slight shift in the binding energies of the Ni** and Ni*" states
from the corresponding S'N-NCS peaks. For S'N-NCS/S-g-CN,
the Ni** peaks appeared at the binding energy values of
853.5 eV, 859.0 eV and 870.6 eV. Similarly, for Ni**, the peaks
appeared at 857.1 eV, 865.3 eV and 875.3 eV. From S'N-NCS to
S'N-NCS/S-g-CN, there is a slight increase in the binding
energies of the Ni** and Ni*" states. This may be due to the
strong interaction between S'N-NCS and S-g-CN. Similarly, Co
can be deconvoluted into four peaks, along with two satellite
peaks for both S'N-NCS and S'N-NCS/S-g-CN, i.e., 2Pz, (778.5 eV
and 781.3 eV) and 2p;;, (793.6 €V and 797.5 eV) for S'N-NCS
and for S'N-NCS/S-g-CN. The features for 2p;, (778.8 eV and
782.2 eV) and 2p;, (793.9 eV and 798.5 eV) correspond to the
Co®" and Co®" states, respectively, as shown in Fig. 3c, (A)
and (B). In the case of S'N-NCS/S-g-CN compared to S'N-NCS, an
increase in the binding energy of Co** and Co®" is observed as a
result of the strong interaction between S'N-NCS and S-g-CN.
Fig. 3d, (A), (B), and (C) represent the XPS peaks of N1s for S-g-
CN, S'N-NCS and S'N-NCS/S-g-CN, respectively. The peaks pre-
sent around the binding energy value of 398.7 eV and 400.5 eV
may be due to (N-C=N) bonding in the aromatic ring system
and the tertiary nitrogen N-(C); groups in the C-N network,
respectively, for S-g-CN. However, for S'N-NCS, Nis peak is
present at the binding energy value of 401.6 eV, which could be
assigned to the metal-N bonding, suggesting the successful
doping of N into S'N-NCS. The shifting of the N1s XPS peaks of
S'N-NCS/S-g-CN may be reflective of the strong electronic

© 2025 The Author(s). Published by the Royal Society of Chemistry

XPS spectra of S-g-CN, S’'N-NCS and S’'N-NCS/S-g-CN: (a) survey scan, (b) Ni 2p, (c) Co 2p, (d) N 1s, (e) S 2p, (f) and C 1s.

interaction between S'N-NCS and S-g-CN, which is beneficial
for the energy storage process. Fig. 3e, (A), (B), and (C) represent
the XPS peaks of sulfur in S-g-CN, S'N-NCS and S'N-NCS/S-g-
CN, respectively. The S2p XPS spectra of S'N-NCS are split into
two main peaks, S2p;/, (161.9 eV) and 2p,,, (163.1 €V), and a
satellite peak at the binding energy of 169.2 eV. The binding
energy at 161.9 eV may be due to the sulfur vacancy (S>~ in the
low coordination state at the surface). The peak at 163.1 eV is
attributed to the metal-sulfur bonds. There is a slight shift in
the S2P;,, and S2p,,, peaks of the composite compared to S'N-
NCS towards a lower binding energy (i.e., S2p;,, at 161.6 eV and
S2py/, at 162.8 eV), which may be due to a change in the
environment during composite formation. The binding energy
values found at 169.2 eV and 170.4 eV for S'N-NCS/S-g-CN may
be due to the satellite peak and surface sulfur at some higher
oxidation state, respectively. The deconvoluted peaks of S-g-CN
are found at the binding energy values of 163.1 eV and 168.8 eV.
The peak at 163.1 eV corresponds to the C-S bonds of S-g-CN,
and the peak at 168.8 eV may be due to the presence of sulfur at
a higher oxidation state. However, the corresponding C-S bond
of S'N-NCS/S-g-CN is found at a binding energy value of
164.3 eV, which is higher than that of S-g-CN. This may be
due to the change in the chemical environment of sulfur during
composite formation. The binding energy values at around
284.8 eV, 286.8 €V and 288.1 eV represent the carbon XPS peaks
of S-g-CN and S'N-NCS/S-g-CN, as shown in Fig. 3f, (A) and (B),
for the sp® hybridized carbon atom, carbon bonded to nitrogen
(C-NH,, or CHN bonds), and tri-s-triazine unit (N-C—=N) bonds
of the S-g-CN structure, respectively. Furthermore, the XPS
results of the as-prepared samples were well supported by FTIR
(Fig. S2, ESIt) and Raman analysis (Fig. S3, ESIt).
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Fig. 4 N, adsorption—desorption isotherm of S'N-NCS and S'N-NCS/S-
g-CN.
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The specific surface area of the as-prepared materials has
been studied via BET method by N, adsorption-desorption
isotherms at 77 K. Fig. 4 and Fig. S4 (ESIt) represent the N,
sorption isotherm, and the inset represents the pore size
distribution curves for S'N-NCS, S'N-NCS/S-g-CN, and g-CN.
From the depicted isotherm curves, the samples exhibit Type-II
with H; hysteresis loops. The BET surface areas of g-CN, S'N-
NCS, and the S'N-NCS/S-g-CN nanocomposite are 24.84 m* g~ ",
32.29 m* g ' and 42.41 m”> g~ ', respectively. The inset in Fig. 4
represents the pore size distribution curve, which is calculated
by using the BJH equation from the desorption isotherm. From
the inset in Fig. 4, a narrow intense pore size with an average
pore diameter between (6-30 nm) is observed for S’'N-NCS/S-g-CN.
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This might be due to the well-developed meso-porosity within
the material."* The pore volumes recorded for g-CN, S'N-NCS,
and the S'N-NCS/S-g-CN nanocomposite are 0.21 cm® g %,
0.213 cm® g~ *, and 0.307 cm® g™, respectively. The observed
results depict a high surface area and pore volume for S'N-NCS/
S-g-CN in comparison to g-CN and S’N-NCS. The enhanced
surface area for S'N-NCS/S-g-CN provides more active sites for
redox reactions, and helps achieve faster electrolytic ion trans-
portation and a shorter diffusion path for easy channelization,
thereby enhancing the capacitive performances.

4.1. Electrochemical characterization

To explore the capacitive performance of the as-prepared
materials (NCO, S-g-CN, S'N-NCS, S'N-NCS/S-g-CN), a series of
electrochemical techniques (such as CV, CD and long-term
cyclic stability tests) were conducted using a three-electrode
system in 2 M aqueous KOH electrolyte. Prior to the electro-
chemical assessment of the prepared electrode materials, the
substrate material, i.e., nickel foam, was analysed through the
same experimental condition and barely contributed towards
capacitive performance. Fig. 5(a) represents the comparative CV
profiles for NFO, NCO, S-g-CN, S'N-NCS and S’'N-NCS/S-g-CN at
a sweep rate of 100 mV s~ within the potential window of
0-0.6 V (vs. Hg/HgO) in 2 M aqueous KOH electrolyte. The redox
peak observed from the cyclic voltammetry graph for NCO and
S-g-CN indicates the characteristics features of the battery-type
electrode material.*® However, in S'N-NCS and S’N-NCS/S-g-CN,
a redox peak is observed at a discrete potential difference as
compared to NCO and S-g-CN, owing to its improved electronic
conductivity properties. Additionally, the integrated CV area for
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Fig. 5 (a) Comparative CV profile for NFO, NCO, S-g-CN, S'N-NCS and $'N-NCS/S-g-CN at 100 mV sec ™. (b) Comparative GCD profile of S'N-NCS/

S-g-CN, S'N-NCS, NCO and S-g-CN at a current density of 1 A g% with

in the potential window of 0-0.53 V. (c) CV profile of S'N-NCS/S-g-CN at

different scan rates varying from 1 mV st to 50 mV s ((d) and (e)). Randles-Sevcik plot for S’N-NCS and $'N-NCS/S-g-CN.
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S'N-NCS/S-g-CN is much larger than those for S'N-NCS, NCO
and S-g-CN, suggesting the improved electrochemical capaci-
tive performance of S'N-NCS/S-g-CN. This might be because of
the synergistic interaction between S-g-CN and S'N-NCS, which
promotes channelization. Fig. 5(b) represents the comparative
GCD profiles of S'N-NCS/S-g-CN, S'N-NCS, NCO and S-g-CN at a
current density of 1 A g~ ' within the potential window of
0-0.53 V. The CD curves of all the prepared materials show
distinct voltage plateaus. Furthermore, S’'N-NCS/S-g-CN has an
extended discharge time compared to S'N-NCS, NCO and S-g-
CN, respectively, which is consistent with the observed CV
profile. These findings suggest that S’'N-NCS/S-g-CN may have
higher charge storage properties in comparison to S'N-NCS,
NCO and S-g-CN. Fig. 5(c) shows the CV profile of S'N-NCS/S-g-
CN within the potential window of 0-0.6 V at different scan
rates varying from 1 mvV s~ to 50 mV s~ with reference to the
Hg/HgO electrode in 2 M aqueous KOH electrolyte solution.
Fig. S5 (ESIT) shows the CV of S'N-NCS under the same
conditions. The CV profile of S'N-NCS/S-g-CN displays an
increase in redox current with an increase in the scan rate from
1mV s ' to 50 mV s~ . Additionally, with the increase in the scan
rate, an apparent shift in the oxidation and reduction peaks
towards more positive and negative potentials is observed, respec-
tively. This might be due to the lower internal resistance, polariza-
tion, and faster ion kinetics of the electrode material.>”

The CV curve in the lower scan rate region reveals a pair of
well-defined redox peaks (Fig. 5(c)), possessing the character-
istic features of a battery-type electrode material. A cathodic
peak at 0.3 Vand an anodic peak at 0.373 V were observed at the
scan rate of 1 mV s !, with a peak potential separation of
73 mV. Ideally, for a one-electron transfer reversible reaction,
the peak potential separation should be 59 mV. The larger peak
potential separation in S'N-NCS/S-g-CN suggests the quasi-
reversible properties of the redox reaction.*® Moreover, as the
scan rate increases, there is an increase in the peak potential
separation along with the increase in the redox peak current.
Fig. 5(d) and (e) shows the Randles-Sevcik plots for S'N-NCS/
S-g-CN and S'N-NCS. The Randles-Sevcik graphs were gener-
ated by plotting the anodic and cathodic peak currents against
the square root of the scan rate. The graph shows that with the
increase in the square root of the scan rate, the redox peak
current significantly increases, while originating almost from
zero current at a low scan rate. The linear relation between the
peak current and the square root of the scan rate indicates a
regulated electrochemical process with rapid diffusion. To
understand the kinetics of the electrode diffusion process,
the diffusion coefficients for the electrodes (S'N-NCS/S-g-CN
and S'N-NCS) were calculated by adopting the Randles-Sevcik
equation shown below:*°

ip = 2.686 x 10° x n*”AD'?C, V'

where 7, is the peak current (A), n is the number of electrons
transferred in the redox reaction (usually 1 for reversible
reaction), 4 is the electrode area in ecm” D is the diffusion
coefficient in em? s, C, is the OH™ ion concentration in mol
cm?, and Vis the scan rate in V s *. By adopting this equation,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the diffusion coefficients for S'N-NCS/S-g-CN and S'N-NCS were
calculated and found to be 2.21 x 1077 ecm® s " and 2.38 x
1077 em® s, respectively. S'N-NCS/S-g-CN offers a higher
diffusion coefficient relative to S'N-NCS, which might be one
of the key contributors towards the high specific capacity for
S’N-NCS/S-g-CN. The high diffusion coefficient for S'N-NCS/
S-g-CN offers a faster ion transportation, owing to the faster
electrode reaction, as well as a high specific capacity.

To investigate the energy storage kinetics of S'N-NCS and the
S'N-NCS/S-g-CN electrode material, the power law was used.
The power law is related to the scan rate (mV s ') and the
current i represented by the equation i = av’; where i is the
current, v is the scan rate, and a and b are adjustable para-
meters. The value of b is obtained from the slope of the straight
line of logi vs. logv, and it is based on the following equation:

logi =loga + blogv

The “b” value delivers quantitative information about the
kinetics limitations. When b = 0.5, it indicates that the current
response of the electrode material is governed by a diffusion-
controlled mechanism. When b = 1, the current response of the
electrode material is controlled by the capacitive (surface)
mechanism. When b falls between 0.5 and 1, it indicates a
combination of both capacitive and diffusion contribution
mechanisms.*°

Here, for S'N-NCS (Fig. 6(a)), the obtained b value is 0.6,
which is near the borderline of the diffusion-dominant charge
storage mechanism. For S'N-NCS/S-g-CN (Fig. 6(b)), the b value
is 0.7, which indicates a mixed charge storage (both capacitive
and diffusion) mechanism. Additionally, the quantitative dif-
ferentiation between the diffusion and capacitive contribution
to the total capacitance is corroborated by the Dunn and
Trasatti methods. The modified power law can be employed
at a fixed potential to the current peak region to quantify the
specific amount of charge stored, i.e., capacitive type (k») and
diffusion controlled (kzv%), and is expressed by the equations
below:

i =k + kp'?

i = k' + k,

where i, v, k; and k, are the total current (both diffusive and
capacitive), scan rate (v) and constants (k; and k,), respectively.
The Dunn plot can be constructed by plotting i/(v)*? vs. v*/2,
and the constant terms k; and k, are evaluated from the slope
and intercept of the linear fitted plot of #/(v)"? vs. v"/?, as shown
in Fig. 6(c) and (d), respectively, for S'N-NCS and S'N-NCS/S-g-
CN.">*1*2 Fig, 7(a) is plotted by fitting the capacity contribution
(i.e., calculated by using k; and k,) to the total capacitance in
the CV profile, which is recorded at 4 mV s~ for the S'N-NCS
electrode, indicating that 66.6% of the entire capacity is domi-
nated by the diffusion-controlled mechanism, while 33.3% is
attributed to the capacitive-controlled mechanism. Fig. 7(b)
represents the percentage of capacitive- and diffusion-controlled
contributions out of the total capacitance contribution for the
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Fig. 6 Calculation of the b value for (a) S'N-NCS and (b) S’N-NCS/S-g-CN; k; and k, calculation for (c) S'N-NCS and (d) S'N-NCS/S-g-CN.

S'N-NCS/S-g-CN electrode, which is estimated at different scan
rates and graphically represented in the bar diagram. As the scan
rate increases, the capacitive contribution mechanism increases
(reaching a maximum of 71% at 100 mV s '), while an obvious
consistent drop in the diffusion-controlled mechanism (28.5% at
100 mV s~ ') is observed.

The dominated diffusion-controlled mechanism is observed
for S'N-NCS, involving electrolyte ion insertion/de-intercalation
into S'N-NCS, and is represented in the equation shown
below.*

S'N-NCS + xK" + xe~ <> K,S'N-NCS

In the charging process, K" ions from the electrolyte diffuse
into S'N-NCS, where they are inserted into its lattice or electro-
chemically surface-active sites. It involves the simultaneous
transfer of electrons to maintain charge balance, facilitated
by the external circuit. Considering the case of discharging,
K' ions diffuse out of the S'N-NCS structure and back into the
electrolyte, reversing the intercalation process. Owing to the
released electrons in the external circuit, it produces a current.
Owing to the reversibility of the reaction, S'N-NCS can repeat-
edly undergo ion insertion and removal without significant
structural degradation, making it suitable for high-performance
supercapacitor applications. In contrast to S'N-NCS, a completely
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Fig. 7 Dunn's plot: (a) and (c) capacitive contribution for S'N-NCS and $'N-NCS/S-g-CN at 4 mV s~ Bar diagram of the percentage of capacitive and
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varied observation (i.e., dominated capacitive-controlled mecha-
nism at lower scan rate) has been observed for S'N-NCS/S-g-CN,
and is shown in Fig. 7(b). Fig. 7(b) shows that 82% of the entire
capacity is due to the capacitive-controlled mechanism, while 18%
is contributed by a diffusion-controlled mechanism at the scan rate
of 4 mV s™'. Fig. 7(c and d) represents the bar diagram of the
diffusion-controlled and capacitive contributions out of the total
capacitance of S'N-NCS and S'N-NCS/S-g-CN. The findings show
that with an increase in the scan rate, the capacitive-controlled
mechanism is dominated over the diffusion-controlled mechanism
in S'N-NCS/S-g-CN with current contributions of 70%, 76%, 80%,
82%, 84% and 88% at the scan rates of 1 mV s %, 2 mV s},
3mvs,4mVs ', 5mVs " and 10 mV s ', respectively. The
charge storage mechanism for S'N-NCS can be explained on the basis
of the sulfur vacancy, which generates a heterogeneous interface
between sulfide and the sulfur vacancy. This vacancy collec-
tively creates an internal electric field within the material, which
facilitates the mobility of the electron and ions, as well as enhances
the electrochemical active sites to boost the electrocatalytic
performances.’” However, for further effective channelization of
the electron and ions, integration of S’'N-NCS with S-g-CN delivers a
contrasting observation in terms of the charge storage mechanism,
which might be due to the integration of S'N-NCS with S-g-CN. The
thin sheet-like structure of S-g-CN provides a base arrangement for
S'N-NCS to grow, which creates branches from its origin and
spreads towards the base material of S-g-CN. The elongated and
twisted structure of the material resembles a pharaoh’s snake-like
structure, which facilitates easy mass transportation, leading to
higher reaction rates and improving the overall charge storage
performance of S'N-NCS/S-g-CN. Moreover, incorporation of sulfur
into g-CN makes the material more conductive and increases
its ion permeability properties.** These properties of S-g-CN make
the material more pivotal as it provides surface wettability and
hydrophilic properties, ensuring easy penetration of the aqueous
electrolyte and eventually interacting with S'N-NCS. The capacitive
performance is further supported by the high specific surface area
of S'N-NCS/S-g-CN in comparison to S'N-NCS. Additionally, con-
jugation of the thin crumpled sheet and pharaoh’s snake-like
morphology, as well as the strong interaction between the K'
ion and S™ in the S'N-NCS/S-g-CN electrode is beneficial to access
the K" ion. This leads to easy insertion/desertion of K" into/out of
the conjugated morphology and presence of the C, N matrix,
ensuring the dominating capacitive-controlled charge storage
mechanism.””** The mechanism is represented in the equation
shown below.

(S'N-NCS/S-g-CN) surface + K + e~
> [(S'N-NCS/S-g-CN)-K'] surface

Moreover, the amount of charge stored in the outer and
inner surfaces of S'N-NCS and S'N-NCS/S-g-CN was further
investigated through the Trasatti method.*' According to the
Trasatti method, the total capacitance performance of the
electrode is contributed both by the inner and outer surface
capacitances, and it can be expressed as Crotal = Cinn + Cout- The
charge-storing ability of the electrode material was evaluated by

© 2025 The Author(s). Published by the Royal Society of Chemistry
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plotting the specific capacity as a function of the scan rate. The
Trasatti plot was used to quantify the ratio of surface-controlled
capacitive charge (Qouter) to the total stored charge (Qar), as well as
quantify the ratio of diffusion-controlled charge (Qinner) to the total
stored charge (Q) When v — 0, it allows the maximum
possibility to access the inner surface area of the electrode material,
which offers the maximum specific capacity to the material (7 — gy).
Similarly, when v — o, the particular area available is the outer surface
of the electrode, which is the electrode-electrolyte interface that
provides specific capacity to the electrode material (g — go)."!

Fig. 8 depicts the specific capacity as a function of v*/* and
v~Y2. The total charge (qioal) Stored within the electrode for
S'N-NCS and S'N-NCS/S-g-CN was calculated from the intercept
of the linear fitted plot of 1/g vs. v** (Fig. 8(a) and (b)).
Moreover, the charge stored at the outer (gouer) €lectrochemical
surface of S'N-NCS and S’N-NCS/S-g-CN was calculated from
the intercept of the linear plot of g vs. v™*/* (Fig. 8(c) and (d)).
As per the findings, the total charges stored in S'N-NCS and
the S'N-NCS/S-g-CN nanocomposite are 909.09 C g ' and
1111.11 C g%, and 390.34 C g ' and 779.87 C g ' found for
the outer electrochemical charge storage, respectively. Further-
more, the charge stored in the inner surface (ginner) Of the
electrode was calculated by subtracting the charge stored at the
outer surface from the total charge stored, and it was found to
be 331.2 C g~ for S'N-NCS/S-g-CN and 518.8 C g~ " for S'N-NCS
C g™ ! for NCS. The percentage of the capacitive and diffusion-
controlled contribution for S'N-NCS and S'N-NCS/S-g-CN
was calculated. For S'N-NCS, the capacitive-controlled and
diffusion-controlled contributions are 43% and 57%, respec-
tively. Likewise, for S'N-NCS/S-g-CN, the capacitive-controlled
and diffusion-controlled contributions are 70% and 30%,
respectively. Here, also, the complete transformation from
diffusion-controlled to capacitive-controlled mechanism has
been found for S'N-NCS/S-g-CN, and is consistent with the
result obtained from the Dunn method.

Further, to quantify the charge storage capabilities of S'N-
NCS/S-g-CN, a GCD study was performed within the poten-
tial window of 0-0.53 V by varying the current density from
1to 10 A g~ . Fig. 9(a) depicts the GCD graphs for S'N-NCS/
S-g-CN, while Fig. S6 and S7 (ESIt) show those of S'N-NCS and
S-g-CN, respectively. It can be seen from the GCD profiles of
S’N-NCS/S-g-CN, S'N-NCS and S-g-CN that the GCD profile is
nonlinear in nature, suggesting a characteristic battery-like
nature, and this observation agrees well with the CV profile.
The specific capacities of S'N-NCS/S-g-CN, S'N-NCS and S-g-CN
were calculated from the GCD profile at different current
densities, and is represented in Table S1 (ESIt). However,
the experimental specific capacitance observed for S'N-NCS
(242 C g ' =~ 403.3 F g ") is lower than the theoretical
capacitance of NiCO,S; (2532.4 F g ') (detailed calculation in
ESIT). This observation might be to the due to the incomplete
utilization of S'N-NCS and insufficient ion transport within the
electrode pores. Apart from this, the practical voltage window
and real-world conditions vs the assumed theoretical assump-
tions can cause discrepancies in the specific capacitance
value.*®"
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Fig. 9(b) shows a comparative capacitive assessment of
S'N-NCS/S-g-CN, S'N-NCS and S-g-CN. It depicts the gradual
decrease in specific capacity values with an increase in the
current density, which is due to the faster electrolytic ion
absorption over the electrode surface. Moreover, the rate cap-
ability performance study of S'N-NCS/S-g-CN reveals that about
70% of the initial capacitance (1 A g™ ') is retained even at high
current density, Z.e., at 10 A g ', suggesting the excellent rate

capability performance of S'N-NCS/S-g-CN. Table S2 (ESIY)
summarizes the capacitive assessment of the earlier reported
NiCo,S, and its composite materials, and found that the
integration of the sulfur vacancy-assisted nitrogen-doped
NiCo,S, with S-g-CN exhibited superior performance compared
to the others. The findings from CV and GCD reveal that the
S'N-NCS/S-g-CN electrode material has a high specific capacity
in comparison to NCO, S'N-NCS and S-g-CN. The synergistic
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Cycle Number

(a) GCD curves of S’N-NCS/S-g-CN, (b) comparative capacitive assessment of S’'N-NCS/S-g-CN, S’'N-NCS and NCO, and (c) long-term cyclic
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integration of S'N-NCS and S-g-CN made an effective contribu-
tion towards the enhanced performance. To ensure the effec-
tiveness of the S’N-NCS/S-g-CN electrode material, a cyclic
stability test was conducted within the potential range of
0 - 0.53 V at a current density of 4 A g in 2 M KOH aqueous
electrolyte solution. Fig. 9(c) depicts the long-term cyclic stabi-
lity performance of the S'N-NCS/S-g-CN electrode material with
94.1% capacitive retention after 10000 cycles. The inset of
Fig. 9(c) shows the GCD curve before and after 10000 cycles.
The dominant capacitive storage contribution of S'N-NCS/
S-g-CN offers high specific capacity values and long-range cyclic
stability performances, signifying its potential in the field of
emerging electrode materials towards the fabrication of cost-
effective supercapacitor electrode materials. The notable elec-
trochemical performance of the S'N-NCS/S-g-CN nanocompo-
site towards the supercapacitor study has been explained,
owing to the compositional engineering between S'N-NCS and
S-g-CN, which effectively enhances the surface area. Furthermore,
the hetero-morphology provides abundant diffusion paths for
e~ and ions, allowing the electrolyte to fully penetrate the material
and reduce the diffusion paths for electrons and ions. As a
result, an enhanced capacitive performance has been observed
(Scheme 2).

Conclusions

The integration of S-g-CN with S'N-NCS endows unique proper-
ties to the material, facilitating its potential use in the super-
capacitor applications. The electronic characteristics of g-CN in
S-g-CN achieves wettability properties in S'N-NCS/S-g-CN. As a
result, it enhances the hydrophilic property of the material,
which effectively enhances the electrolyte penetration and mass

© 2025 The Author(s). Published by the Royal Society of Chemistry

transportation ability in S'N-NCS/S-g-CN. However, heteroatom
doping and sulfur vacancy enhanced the conductivity and
promoted the ion diffusion, respectively. The XPS results are
consistent with the FTIR and Raman studies. The enhanced
surface area of S'N-NCS/S-g-CN provided redox active sites, and
facilitated faster electrolytic ion transportation and shorter
diffusion path. The capacitive performance of S'N-NCS/S-g-CN
is supported by the high specific surface area in comparison to
the S'N-NCS. Scheme 2 depicts an overview of the present work,
highlighting the robust and distinct features of the material
that make it a unique and promising future material not only in
the field of supercapacitors, but also in the domain of HER,
OER and electrochemical sensors.
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