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Transition metal sulfides offer multiple favorable properties as electrode materials in supercapacitors owing
to their diverse redox chemistry, high theoretical capacitance, and different topologies. They exhibit better
electrochemical properties when paired with carbon materials. The effective fabrication of a FeS/g-CsN4

nanocomposite, in which the FeS nanoparticles are evenly adhered to a conductive g-C3N4 framework,
was accomplished in this study. The hybrid system improves charge transfer and structural stability by

combining the pseudocapacitive properties of FeS with the large area, layered structure, and
conductivity of g-CsN4. The g-CsN4 matrix has a high capacity to inhibit the agglomeration of FeS
nanoparticles, boost the exposure of electroactive groups, and facilitate rapid ion/electron movements.
Consequently, the FeS/g-CsN, electrode outperforms the immaculate FeS with a high specific
capacitance (Cs,) of 8025 F gt at 1 Ag " and 475 F g~ at 5 A g~%. Further long-term cycling studies

reveal the outstanding stability of the electrode with 72.34% capacitance retention despite 5000 cycles.

Besides, the composite exhibits exceptional energy and power densities, with an efficient energy density
(Ep) of 17.83 Wh kg™t at a power density (Pp) of 200 W kg™* and 10.56 Wh kg~* at 1.0 kW kg~. This
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excellent electrochemical performance is owing to the synergistic effect of FeS and g-CsN4, which

increases redox activity, enhances charge transfer and minimizes internal resistance. Our findings show
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1. Introduction

Improved energy storage systems are urgently needed to
address several global issues, including the depletion of fossil
fuel sources, the increasing consequences of global warming,
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that FeS/g-CszN4 might serve as a feasible option for long-term, high-performance supercapacitor
electrodes in next-generation energy storage applications.

and the rising energy consumption in various sectors.'” In
response to such needs, there is a significant demand on energy
storage technologies, which should not only be efficient and
high-performing but also economically feasible, sustainable,
and ecologically benign.*® There has been extensive research on
the development of clean and renewable sources of energy over
the previous few years. Despite the potential of renewable
sources, their scarcity makes it difficult to meet the growing
demand for energy.””

To overcome these issues, research on electrochemical energy
storage (EES) devices has advanced significantly as a potential
replacement for traditional fossil-based systems.'*"> Among EES
technologies, supercapacitors (SCs) have drawn a lot of attention
because of their low-cost structure, quick charge/discharge
profiles, and high Pp."* SCs are generally categorized into three
major categories based on their charge storage: electric double-
layer capacitors (EDLCs), pseudo capacitors (PCs), as well as
hybrid supercapacitors (HSCs).***® PCs store charge via faradaic
redox reactions occurring on the surface or near the surface of
active materials, which include conductive polymers, hydroxides,
sulfides and transition metal oxides. Although PCs may attain
a much higher capacitance than EDLCs, structural features can
cause PC performance to deteriorate with time.'”°
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The ideal way to bridge the gap between high power and high
energy storage with the beneficial synergistic properties of
complementary materials is by using hybrid supercapacitors
(HSCs), which combine the qualities of both EDLCs and PCs.>*>*
Due to their high theoretical capacitance and diverse redox
chemistry, transition metal chalcogenides (TMCs), such as
oxides, sulfides, selenides, and tellurides, have gained popularity
recently.”*” Among them, it is possible to identify materials such
as iron sulfide (FeS), which, in addition to its low price, natural
abundance, environmental friendliness, and ease of synthesis,
boasts a range of qualities. However, the full potential of FeS as
a high-performance electrode material is hampered by problems
such as minimal intrinsic conductivity, poor ion diffusion profile,
and high-rate charge/discharge capacity restrictions.®*

Solutions to these challenges involve creating FeS-based
nanocomposites with modified morphologies, including nano-
sheets, nanorods, and nanoflowers, and combining them with
conductive scaffolds, like reduced graphene oxide (rGO), along-
side graphitic carbon nitride (g-C;N,).**** One such supporting
material, g-C;N,, has been widely utilized because of its appro-
priate bandgap, strong chemical stability, planar layered struc-
ture, affordability, and accessibility of raw materials. The
integration of g-C;N, into composite systems has been shown to
improve the surface area and electroactive material transport,
providing a robust support network to electroactive materials.**>*

A NiS-g-C;N, hybrid, created by Mukhtiar Hussain et al.,
demonstrated an impressive current density of 933.78 F g *
(Csp) at 1 A g, shedding light on the potential structural and
electrochemical enhancements of g-C;N,. Additionally, it was
found to maintain active sulfide materials during repeated
charge-discharge cycles, as evidenced by a high coulombic
efficiency of 92.80%, outstanding stability throughout cyclic
cycles, and retention of 97% capacitance after 5000 cycles.*
Based on this, Thirumoorthy Kulandaivel et al. studied a g-
C;Ny/sulfur@MnS composite. They found that adding sulfur
and manganese sulfide to g-C;N, improved electron and ion
transport, resulting in a Csp, of 493 F g~ " at 0.5 A g™ ". The hybrid
device constructed using this composite and activated carbon
demonstrated the capacity of g-C3N, to improve the energy
delivery of the full-cell and its operational stability by producing
an Ep of 18.7 Wh kg™" and maintaining capacitance of 81%
after 5000 cycles.*® Building on this design technique, S. Mar-
uthasalamoorthy et al. placed La-doped Bi,S; into the g-C3N,
(ref. 37) matrix, obtaining a high electrochemical capacity of
1880 C g '. This enhancement was largely explained by the
larger surface area (131.4 m> g~ ') and the existence of a signif-
icant number of redox-active sites via the synergistic effect of La
doping and g-C3;N, support. Even with a comparatively low 1.7
Wh kg™ Ep and 64% retention after 10 000 cycles, the system
continued to function successfully when stacked in an imbal-
anced system with rGO. These are continual advancements in
the sulfide g-C;N, composites, revealing the major function of
the material in accelerating the flow of electrons, improving
mechanical stability, and dispersing electroactive materials.
Still, even with these encouraging findings, FeS-based systems
coupled with g-C;N, remain under-investigated, which is note-
worthy considering the nature of FeS with the redox activity,
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natural occurrence, and environmental friendliness. The pres-
ence of this gap presents an opportune and fascinating prospect
of researching FeS/g-C;N, hybrids as the next generation of
supercapacitor materials that have a capability to bring together
high capacity, stability, and cost-effectiveness in a single line.

In this work, we prepared a FeS/g-C;N, hybrid nano-
composite using a hydrothermal procedure and evaluated its
potential as an electrode for supercapacitor applications. The
subsequent FeS/g-C;N, combination resulted in a dramatic
improvement in electrochemical performance. Specifically, FeS/
g-C3N, demonstrated a high-rate capability and a high C, of
802.5Fg 'at1Ag 'and 475 F g ' at5 A g '. This enhance-
ment is ascribed to the large number of redox-active sites
offered by both FeS and g-C;N, because of the synergistic
interaction that results in the fast movement of electrons and
ions and limits structural degradation further during the
cycling process. These results make FeS/g-C3N, composite a very
promising material for applications in the future generation
energy storage devices.

2. Experimental analysis
2.1 Materials and reagents

This investigation used analytical-quality substances and
unpurified chemicals. Thiourea (=99%, Sigma-Aldrich).
Sodium hydroxide (NaOH, Merck), thioacetamide (=99%,
Sigma-Aldrich), and iron(u) chloride tetrahydrate (FeCl,-4H,0,
=99%, Sigma-Aldrich). Deionized (DI) water, ethanol (=99.8%,
Merck), and isopropanol (=99.5%, Merck). Nitric acid (HNO3,
0.1 M, Merck). All reagents were analytical grade and did not
require further purification. In every experiment, DI water (18.2
MQ cm, Millipore system) was utilized.

2.2 Fabrication of FeS

For the preparation of FeS through the hydrothermal method,
deionized water was deoxygenated with N,; FeCl,-4H,0
(0.299 g, 1.5 mmol) was dissolved in 30 mL of water, and 1-
5 mM ascorbic acid was added to maintain Fe?"; in a different
beaker, thioacetamide (C,HsNS) (0.225-0.338 g, 3.0-4.5 mmol)
was dissolved in 10 mL of water. The above-mentioned two
solutions were mixed while stirring, and 1 M NaOH was used to
adjust the pH to 7.5-9.0 (PVP K30, 100-300 mg added to control
particle growth). Approximately 40 mL of the mixture was added
to a 50 mL Teflon-lined autoclave (=80% fill), sealed, and
heated at 160 °C for 8-12 h. After the mixture was naturally
cooled to room temperature, the black precipitate was collected
by centrifugation and washed twice with water, followed by two
washes with ethanol or isopropanol.

2.3 Synthesis of g-C3N,

To synthesize graphitic carbon nitride (g-C3;N,), thiourea was
thermally polycondensed. Ten grams of thiourea were first
dried for 24 h at 100 °C, then calcined for four hours at 550 °C in
a covered silica crucible. To get rid of any remaining alkaline
contaminants, the resultant yellow powder was thoroughly
cleaned with 0.1 M HNO; solution and then with deionized

© 2026 The Author(s). Published by the Royal Society of Chemistry
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water. Finally, to obtain pure g-C;N, powder, the product was
dried in a hot-air oven for 24 hours at 80 °C.

2.4 Synthesis of FeS/g-C3;N,

Pre-synthesized FeS nanoparticles and g-C3;N, were then
combined to synthesize the FeS/g-C3N, nano-hybrid with
a weight ratio of FeS to g-C3;N, of 1: 2. Typically, 0.50 grams of
FeS and 1.00 grams of g-C3;N, were introduced into 100 mL of
deoxygenated deionized water. The suspension was then stirred
with a magnet for 30 minutes at ambient temperature to facil-
itate pre-homogenization. The mixture was then subjected to
ultrasonication for 20 minutes at 200 W and 40 kHz using
a probe sonicator to achieve a homogeneous dispersion of FeS
nanoparticles on the g-C;N, substrate. The resultant homoge-
nous solution was filled to a maximum of 80% of its entire
volume in a Teflon-lined stainless-steel autoclave that was
subjected to a 12-hour hydrothermal treatment at 100 °C. After
the product was naturally cooled to room temperature, it was
centrifuged at 8000 rpm for 10 minutes to eliminate any
remaining contaminants by washing it with ethanol and
deionized water. Finally, to create the FeS/g-C3N, compound
powder, the crystalline product was dried in a hot-air oven at
80 °C for 5 h (Fig. 1).

2.5 Structural characterizations

The DX-2700BH was used to collect the XRD patterns of all
synthesized materials for structural investigation. At 300 mA
and 40 kv, the diffractometer utilized a A = 1.54051 A from a Cu-
Ko source. XRD data of the synthetic materials were attained in
the 20 range (20°-80°) at a scanning speed of 5° per minute.
Using APREO-2C-HIVAC equipment at a rising voltage of 10 kV,
SEM and EDS (scanning electron microscopy and energy-
dispersive X-ray spectroscopy) were operated to examine the
surface characteristics in combination with the elemental

Stirred
for 30 min

Ultrasonication
for 20 min
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composition of the obtained materials. For transmission elec-
tron microscopy (TEM), the JEM-F200 instrument under 200 kV
was employed. The Micromeritics ASAP 2460 device was used to
perform a Brunauer-Emmett-Teller (BET) and Barrett-Joyner-
Halenda (BJH) analysis and determine the surface area of the
materials. The sample was analyzed under mesoporous condi-
tions, with a degassing temperature of 150 °C for 12 hours.
Using the KBr pellet approach, the Bruker VECTOR 22 spec-
trometer was used for FTIR analysis to assess the mid-infrared
region of the synthesized materials (4000-300 cm™ ). Raman
spectroscopy was conducted using the HORIBA HR Evolution
laser confocal Raman system, using a 633 nm excitation wave-
length, a power of 1 mW, and a spectral range of 50-4000 cm .

2.6 Preparation of the working electrode

Ni foam, cut into small 1 x 1 cm pieces, was used to prepare the
working electrode. After that, for ten minutes each, these pieces
were successively cleaned with 100% ethanol, 10% HCI, DIW,
and acetone. 5.0 mg of the final material was dissolved in 100 pL
DIW and sonicated for 15 minutes. Then, the electrode mate-
rial, active carbon, and PVDF were mixed in a mass ratio of 8:
1:1, and N-methylpyrrolidone (NMP) was added and stirred for
4 hours to obtain a homogeneous mixture. The drop-coating
procedure was used to prepare the working electrode, where
the nickel foam (NF) was coated with the liquid. For 12 hours,
the functionalized NF was vacuum-dried at 70 °C. The active
mass was about 1.5 mg.

2.7 Electrochemical techniques

The electrochemical capabilities of the prepared electrodes
were tested in a three-electrode arrangement using the CHI-
760E electrochemical workstation. This design utilized plat-
inum wire, Ag/AgCl, and our synthetic substance as the counter,
reference, and working electrodes, respectively. All experiments
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Fig. 1 Schematic of the synthesis of the FeS/g-CsN4 nanocomposite.
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were done in 2 M KOH. Cyclic voltammetry (CV), an electro-
chemical technique used to evaluate redox behavior and charge
storage properties, was performed at scan rates ranging from 5
to 100 mV s~ ' within a potential window of —0.2 to 0.7 V (vs. Ag/
AgCl).*® C, values were computed from the CV graph using eqn
.
s Ixdy
CSP:JchxSxAV (1)

S, I, m, and dv are the scan rate, monitored current, substrate
mass, and potential variation. The experiment included galva-
nostatic charge-discharge (GCD) measurements with current
densities (Cp) of 1, 2, 3, 4, and 5 A g~ (Cp). GCD polarization
curves from eqn (2)-(4) were used to calculate Cg,, power density
(Pp), and energy density (Ep) .*>*°

I x At
= AV @)
Cp X AV?
Eq = 5 (3)
E % 3600
S 4
¢ At 4)

I, At, and m indicate the current, time change, and mass of
the conductive substrate. Electrochemical impedance spec-
troscopy (EIS) was performed at 0.01-20 kHz with a 0.5 V
supplied voltage to measure the resistance of the material. Eqn
(5) was used to calculate the conductivity of the synthesized
nanomaterials.*

- Ry x A ()

A is the surface area of the working electrode, L is the elec-
trode distance, and R, is the EIS. Double-layer capacitance (Cq))
of the synthesized electrocatalyst was investigated using CV at
different scan speeds, with a focus on the non-faradaic zone.

3. Results and discussion
3.1 Morphological analysis

SEM, EDX, and elemental mapping were used to systematically
acquire data on the morphological characteristics and
elemental composition of FeS, g-C;N,;, and FeS/g-C;N,
composite, as shown in Fig. 2 and S1. A schematic image of the
morphological aspects of FeS, g-C;N,, as well as the composite
of FeS/g-C3N,, is presented in Fig. 2a. The SEM images are
presented in Fig. 2(b-d). Pure FeS, as shown in Fig. 2b, with
densely stacked, evenly scattered nanograins that have poly-
hedral forms, are well-crystallized, and do not clump into
particles. The image of pure g-C;N, in Fig. 2c features an
interconnecting structure that implies a porous network. On the
other hand, FeS/g-C;N, (Fig. 2d) shows a plate-like shape,
characteristic of graphitic g-C;N,, thus corroborating the fact
that FeS was trapped within the plate-like structure. Elemental
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analysis and spatial analysis were conducted using EDX and
elemental mapping. Fig. 2e displays the spectra and mappings
of the FeS/g-C3N, composite, revealing the presence of Fe, S,
C, N, O, and Pt. The signal obtained from the Pt conductor is
a consequence of the sputtered conductive Pt coating applied to
the sample prior to SEM analysis and does not reflect the
intrinsic compositional properties. The detected O signal might
be attributable to surface oxidation of FeS, adsorption of
ambient oxygen species, or functional groups that are still
oxygenated in g-C;N; or introduced during synthesis and
washing. Elemental maps establish a homogeneous distribu-
tion of Fe, S, C and N, which correlates to close interfacial
contact and homogenous mixing between FeS and g-C;N,. To
assure comparability, EDX spectra and elemental maps of each
of the constituents are included in the supplementary material.
Fig. S1a depicts the EDX and mapping of pure FeS, where it is
obvious that there was a uniform distribution of Fe and S, and
consequently purity of the phase. The corresponding results on
pristine g-C3;N, in Fig. S1b show that C and N are consistently
distributed, thus proving its chemical identity and purity.
Together, the well-defined morphologies and the homogenous
distribution of elements in the FeS/g-C3N, composite are pre-
dicted to promote efficient charge transfer and better electro-
chemical functioning in energy-related applications.

The size, shape, and dispersion of the produced materials
may all be precisely analyzed via TEM, as shown in Fig. 3. The
TEM images of FeS, g-C3N,, and FeS/g-C;N, are shown in
Fig. 3a—c. FeS nanoparticles have s distinct spherical shape and
measure 32.63 nm in size. As might be anticipated from
a graphitic structure, pristine g-C;N, has a larger, layered
morphology with an average size of 69.9 nm. The FeS/g-C;N,
composite nanoparticles (28.32 nm) are evenly distributed over
the g-C;N,; nanosheets, demonstrating the strong interfacial
contact and confinement effect. Plots of the particle size
distribution are shown in Fig. 3d-f, which validates these
average sizes and shows that the nanoparticles are homoge-
neous. The HRTEM images in Fig. 3g-i provide crystallographic
information of materials and demonstrate their crystallinity in
the form of distinct lattice fringes. The interplanar distance
between the (112) and (203) planes of FeS are 0.252 nm and
0.169 nm, respectively. The lattice spacing of the (002) plane in
pristine g-C3N, is 0.323 nm. The lattice spacings of the (102) and
(112) planes of the FeS/g-C3;N, composite are 0.222 and
0.142 nm, respectively. These measured d-spacings, which are
quite consistent with the XRD patterns, validate the structural
integrity of the materials. The kinetics of charge transfer, which
is crucial for electrochemical usage, is improved by the even
distribution, reduced particle size, and strong interfacial
contact between FeS and g-C3Nj,.

This is further supported by XRD analysis, which is utilized
to assess the crystalline structure of the synthesized samples
(see Fig. 4a). It was used to evaluate both synthesized materials
throughout the 26 range of 20°-80°. The XRD peaks of FeS that
appeared at 23.99°, 33.02°, 35.49°, 40.72°, 49.30°, 53.94°,
57.33°, 62.28°, 63.84°, 69.45°, 71.80°, and 75.40° correspond to
the (111), (102), (112), (202), (321), (203), (322), (402), (004),
(431), (214), and (521) crystal planes of FeS indexed to the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic representation of morphology of FeS, g-CzNy4, and FeS/g-CsN4; SEM micrographs of (b) FeS, (c) g-CsNa, (d) FeS/g-C3Ny;

EDX patterns and the corresponding elemental mappings of (e) FeS/g-CzNg.

orthorhombic structure of FeS possessing space group “Pnma”
and with cell volume 279.95 x 10° pm® and (JCPDS # 01-076-
0963). In the XRD patterns of FeS/g-C;Ny, all the observed peaks
precisely match the FeS peaks, except for one around 26°, and
the XRD pattern exhibits a prominent and sharp peak corre-
sponding to the (002) reflection of crystalline graphitic layers in
carbon nanotubes.*” Table 1 presents the extracted XRD
parameters, revealing notable structural distinctions between
the FeS and FeS/g-C3N, material. Indeed, the composite
exhibited a slight shift in the FeS diffraction peaks, indicating
lattice strain resulting from strong interfacial contacts between
FeS and g-C;N,. Such strain can be induced by local bond
distortions (such as Fe-N or S-C) and electronic coupling,
which slightly alter the FeS lattice characteristics. These struc-
tural modifications confirm intimate interactions at the
heterojunction. Fig. 4a shows the structural differences between
pure FeS and the FeS/g-C;N, composite. The crystallite size (D)
is calculated using the Debye-Scherrer's formula.*>*

_ Kx2
" B x cosf

(6)
Here, A = 0.15418 nm, K = 0.9 is the shape factor, § is the full-

width at half maxima, and 6 is the diffraction angle. The pristine
FeS sample exhibited a smaller D of 50.20 nm compared to the

© 2026 The Author(s). Published by the Royal Society of Chemistry

FeS/g-C3N, composite of 54.59 nm, suggesting a decrease in
lattice disorder and particle agglomeration during the
composite preparation. This expansion may influence surface-
active sites and interface charge flow, suggesting a slight
decrease in structural dispersity. Furthermore, structural XRD
parameters, such as lattice strain (LS), dislocation density (),
microstrain (¢), and crystallinity, can be calculated using eqn (7-
10)-44,45

1
= @
Bcosd
=2 ®)
g
S = 9
4tand )
Crystallinity — area of crystalline peaks 100 (10)

total area

Consequently, the 6 decreased in the composite (3.76 x 10~*
nm?) relative to pristine FeS (7.71 x 10~* nm™?), indicating
a lower density of defects. Compared to pristine FeS, the ¢ and
LS also exhibited a noticeable reduction in the composite, from

RSC Adv, 2026, 16, 13597-13611 | 13601
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Fig.3 TEM images of (a) FeS, (b) g-C3sNy, (c) FeS/g-CsN4; average particle size of (d) FeS, (e) g-C3N4, and (f) FeS/g-CsNy4; and HRTEM images of

(9) FeS, (h) g-C3Ny4, and (i) FeS/g-C3Na.

8.73 x 107 *t0 6.90 x 10 * and from 2.19 x 10> t0 1.91 x 107,
respectively, indicating minimized lattice distortion due to the
interfacial synergy. Furthermore, the crystallinity of pristine FeS
(87.03%) surpassed that of the composite (72.37%), which can
be attributed to the presence of the amorphous or semi-
crystalline g-C;N, phase that disrupts long-range order in the
FeS matrix.*® These variations collectively imply that g-C;N,
incorporation not only alters the crystallographic parameters
but also introduces structural defects. Additionally, utilizing the
crystallographic data from XRD analysis, 3D structural models
of FeS were generated. The orthorhombic Pnma space group is
where FeS crystallizes, as shown by the simulated crystal
structure produced using the Diamond program in Fig. 4b. The
preferential occupancy of S and Fe atoms at their respective
lattice positions is evident from the image. Furthermore, the
polyhedral representation of the FeS structure (see Fig. 4c)
offers more details on its coordination geometry and structural
stability.

13602 | RSC Adv, 2026, 16, 13597-136T1

The FTIR spectra of the prepared materials are shown in
Fig. 4d to verify the successful synthesis of FeS and FeS/g-C3N,
composites. The combined FTIR study of FeS, g-C3N,, and their
composite provides unambiguous evidence of the successful
creation of a heterostructure through the preservation and
overlap of essential vibrational characteristics. In FeS, the Fe-S
stretching vibration observed at 600-800 cm ™" indicates the
presence of metal-sulfur bonds, while weak peaks around
1600-1650 cm " (ref. 40) and 3200-3550 cm ™" indicate modest
surface-bound organic molecules and moisture.”” For g-C3Ny,
distinctive peaks such as C-H bending at 790-830 cm ™', O-H
bending at 1395-1440 cm™', C=O stretching at 1640-
1690 cm ™', along with a broad peak corresponding to O-H
stretching at 3300-3400 cm ', reveal its layered graphitic
structure with a polar surface.”® In the FeS/g-C;N, composite,
the C-N stretching at 1640-1690 cm ™' is indicative of the g-C;N,
backbone, and the spectrum encompasses all crucial features:
Fe-S stretching, minor vibrations of C-H*® and C-N** bending

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Structural parameters of FeS/g-C3sN4 and FeS

Material D ox107* Crystallinity
name (nm) (Mm%  ex10* LSx107° (%)

FeS 50.20 7.71 8.73 2.19 87.03
FeS/g-C3N, 54.59 3.76 6.90 1.91 72.37

and broad O-H stretching, showing that both phases coexist
without substantial chemical changes or degradation. This
demonstrates that the FeS particles are well integrated into the
2-C3N, surface. Additionally, the absence of new peaks or
substantial shifts suggests that there is no strong covalent
bonding, thereby preserving the intrinsic functions of both
materials.

As shown in Fig. 5a, a qualitative investigation using Raman
spectroscopy reveals noticeable peaks at approximately 203 and
271 ecm™'. The peak at 203 cm™ ' corresponds to Fe-S asym-
metric stretching vibrations and a symmetric Fe-S stretching
vibration at 271 ecm~".°* The FeS/g-C;N, composite exhibits
distinctive D and G bands at approximately 1329 and
1596 cm ', respectively. The K-point of the Brillouin zone's
phonons and disordered carbon are linked to the D band, which
denotes edge states or structural flaws. The E,, stretching
vibrations of sp>hybridized graphitic domains, which are
characteristic of the g-C;N, frameworks, correlate to the G band.
Increased electrochemical activity is made possible by moderate
graphitization with a significant number of defect sites, as
indicated by the intensity ratio (Ip/Ig) of approximately 0.99.
Moreover, the crystalline character of FeS in the g-C;N, matrix is
confirmed by a Raman signal presented in pristine FeS.*>

© 2026 The Author(s). Published by the Royal Society of Chemistry
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BET surface area analysis (Fig. 5b) and BJH pore size distri-
bution (see Fig. 5¢) were used to examine the textural properties
of the synthesized materials. The comparatively small surface
area of pure FeS was 8.22 m” g, attributable to its dense
morphology and agglomeration, which limit the number of
accessible active sites. In contrast, pristine g-C3;N, possessed
a moderately higher surface area (9.66 m* g~ '), arising from its
Remarkably, the FeS/g-C;N,
composite displayed a significantly enhanced surface area of
17.57 m> g7, indicating effective anchoring of FeS nano-
particles on the g-C3N, matrix. This hybridization prevents
particle aggregation, introduces additional electroactive sites,
and enhances interfacial contact, which are favorable for charge

layered, porous framework.

storage and ion exchange. The BJH analysis confirmed a meso-
porous nature in all samples, with the composite demon-
strating the most advantageous porosity parameters, an average
pore diameter of 24.13 nm and a pore volume of 0.070 cm®
g '—far exceeding those of FeS (9.62 nm, 0.007 cm® g~ ') and g-
C;3Njy (13.19 nm, 0.020 cm® g~ *). The enlarged pores and inter-
connected framework facilitate rapid electrolyte penetration
and efficient ion transport, thereby minimizing diffusion
resistance. These synergistic enhancements in surface area and
porosity directly contribute to the superior electrochemical
properties of the FeS/g-C;N; composite, underscoring its
potential as an excellent electrode material for supercapacitors
and rechargeable batteries.

3.2 Electrochemical properties

The electrochemical characteristics of FeS and FeS/g-C3;N,
nanocomposite electrodes, including GCD, EIS and CV, were
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methodically examined. The occurrence of distinct redox peaks
atthe —0.2 + 0.7 V (vs. Ag/AgCl) potential window in Fig. 6(a and
b) of FeS/g-C;N, and FeS, respectively, indicates that both
electrodes possess pseudocapacitive characteristics. The FeS/g-
C;N, nanocomposite displayed a significantly larger CV curve
area than pure FeS at all scan rates (5-100 mV s~ '), suggesting
improved charge storage capability and superior electro-
chemical performance. Since it promotes fast electron transport
and inhibits FeS aggregation, this increase is linked to the
conductive and layered structure of g-C;N,. The redox peaks
showed minimal change as the scan rate increased, confirming
the excellent electrochemical reversibility. Furthermore, as
shown in Fig. 6¢ and d, the C}, of FeS/g-C3N, was much larger
than that of FeS at all scan rates, reaching a maximum of 565.23
F g ! at a scan rate of 5 mV s~ ', as opposed to 414.95 F g~ ' of
FeS. As the redox reactions are governed by ion diffusion, higher
scan rates limit electrolyte ion transport, leading to a progres-
sive decrease in Cp. Fig. 6e and f indicated that semi-infinite
diffusion regulated the redox reaction, even though it showed
linear correlations between the peak current and the square
root of scan rate (v*/%), which were calculated using the Randles—
Sevcik equation. The FeS/g-C3N, nanocomposite showed higher
oxidation and reduction diffusion coefficients than FeS, sup-
porting the premise that the g-C;N, network may enhance ion

13604 | RSC Adv, 2026, 16, 13597-13611
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(@) Raman spectra, (b) BET analysis, and (c) BJH curves of FeS, g-CsN4, and FeS/g-C3sN4 nanocomposite.

transport. The electrochemical response of bare NF in the same
KOH electrolyte was also evaluated to improve the clarity of the
current collector, as shown in Fig. S1(a-c). The NF itself exhibits
a mild pseudocapacitive response that results from reversible
Ni**/Ni** surface redox interactions in basic solutions since the
NF CV curves displayed weak and wide redox features. However,
at the same scan speeds, the enclosed CV area of NF was much
smaller than those of FeS and FeS/g-C;N, electrodes, demon-
strating the low intrinsic capacitance contribution. It was
confirmed that NF is primarily a conductive rather than an
active charge-storage scaffold because the obtained Cg, of NF
was relatively low 72 F g~ ' at 5 mV s~ ') and declined sharply
with scan rate. Additionally, the peak current/v"/? curve of NF
(Fig. S1c) showed a linear correlation with a correlation coeffi-
cient of (R*) = 0.97-0.98, suggesting the existence of diffusion-
controlled kinetics that are comparable to more prevalent
pseudocapacitive electrodes but have a much smaller slope
than FeS-based electrodes. This suggests that compared to FeS
and FeS/g-C3N,, ion transport and electrochemical activity are
slower and lower in NF. Overall, these results demonstrate that
FeS/g-C;N, significantly enhances the contribution of the active
material to charge storage and the enhanced electrochemical
performance of the composite electrode, even though NF has no
impact on the pseudocapacitance of the electrode. Also, the FeS/

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 CV cycles for (a) FeS/g-CsN4 and (b) FeS; (c and d) scan rate versus specific capacitance plots and scan rate versus specific capacitance
comparison plot profiles; and (e and f) scan rate versus peak current plots for both the materials.

g-C3N, nanocomposite operates as an efficient supercapacitor
electrode through a synergistic mechanism, combining pseudo-
capacitance from FeS and electric double-layer capacitance
(EDLC) from g-C;N,. FeS undergoes fast and reversible redox
reactions involving Fe®'/Fe’* and $*7/S° redox couples,
primarily represented by eqn (11):**** contributing to high
pseudocapacitive charge storage.

FeS + OH™ < FeSOH + ¢~ (11)

However, FeS alone suffers from low conductivity and
structural instability. The integration of g-C;N,, a nitrogen-rich,
conductive 2D material with a large surface area, addresses
these issues by acting as a scaffold that conducts electricity and
improves electron transport, stabilizes the FeS structure, and
provides additional active sites through surface functional
groups. This hybrid structure facilitates faster ion/electron
mobility, reduces charge-transfer resistance, and enables effi-
cient electrolyte access, resulting in improved Cgp, cycle stability
and the overall electrochemical performance of the composite.

Fig. 7a and b shows the results of the GCD studies conducted
at current densities ranging from 1-5 A g~", which thoroughly
examined the electrochemical properties of pure FeS and FeS/g-
C;N, electrodes. The symmetry and linearity of the GCD curves
for both electrodes demonstrate strong capacitive reversibility
and great coulombic efficiency. However, the synergistic
combination of electroactive FeS and the conductive high-
surface-area of g-C;N, structure promotes efficient ion diffu-
sion and rapid charge transfer, leading to the much-improved

© 2026 The Author(s). Published by the Royal Society of Chemistry

performance of the FeS/g-C;N, complex. The high rate capa-
bility of the FeS/g-C;N, electrode is shown by the change in Cj,
as a function of current density (see Fig. 7c). At 1 A g™, it has
aCy,0f802.5Fg ', andat2,3,4,and 5Ag ", it stores 670 Fg ',
615Fg ", 540 Fg~ ', and 475 F g ', respectively. In contrast, the
Csp Of pure FeS is 377.5 F g~ ', which is lower than that of FeS/g-
C;3N,. Fig. S2(a and b) shows that under identical conditions,
GCD measurements of bare NF were also performed, which
further helps to clarify the function of the current collector. The
linear profiles and extremely short discharge durations of NF,
GCD curves suggest that their charge storage capabilities are
severely lacking. The Cj, of NF, which is 5.64 at 1 A g™ ', is quite
low and rapidly decreases with current density. Reflectively, NF
has a maximum Ep, of 2.02.5 Wh kg™ " at a Py, of around 200 W
kg~ ". This density decreases with increasing power outputs, but
it also increases with a short discharge duration. These results
demonstrate that NF is essentially a mechanically robust,
conductive current collector that has no effect on the total
energy storage of FeS/g-C;N,. Based on the Cj,, the Ragone plot
(Fig. 7d) shows the Ep and Pp. With a high Ep, of 17.83 Wh kg ™"
ata Pp, of 200 W kg * and 10.56 Wh kg ' at a high Py, of 1.0 kW
kg !, the FeS/g-C3N, composite exhibits strong energy storage
properties. In contrast, NF has the lowest Ep/Pp in pure FeS,
where the Ep (0.19 Wh kg™* at 0.06 W kg™') decreases more
quickly with increasing Py (Fig. 7e). Overall, the FeS/g-C3N,
composite consistently outperforms bare FeS and NF in terms
of Cyp,, Ep, and Pp, demonstrating the significant potential for
high-performance and high-power supercapacitor applications.
Long-term cycling stability (see Fig. 7f) further validates the
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Fig.7 GCD plots of (a) FeS/g-CzN4 and (b) FeS; (c) specific capacitance versus current density plots, (d) current density versus energy and power
density comparison plots of FeS/g-CsNy, (e) ragone plots, (f) specific capacitance retention plots, (g) Nyquist plots with an fitted inset plot, (h)
bode plots, and (i) specific capacitance and conductivity comparison plots.

robustness of the composite, maintaining 72.34% relative to its
initial capacitance on completion of 5000 loops. Collectively,
the above findings confirm the incorporation of g-C;N, effec-
tively enhances ion/electron transport, reduces internal resis-
tance, and stabilizes the electrode structure, making FeS/g-C3;N,
a viable option for high-performance supercapacitors of the
future (Table 2).

The charge transport kinetics of FeS/g-C;N, and pristine FeS
electrodes were investigated using EIS, as revealed in Fig. 7g-h.
The Nyquist plots reveal a smaller semicircle in the high-
frequency region for FeS/g-C;N,, corresponding to a reduced
charge-transfer resistance (R.) of 1.22 Q compared to 10.28 Q
for FeS. Likewise, the series resistance (R;) decreases from 0.86
Q in pristine FeS to 0.55 Q in the composite, confirming
enhanced electrical contact. The steeper slope in the low-
frequency region of FeS/g-C;N, further indicates superior
capacitive behavior and faster ion diffusion. The Bode phase

13606 | RSC Adv, 2026, 16, 13597-13611

analysis supports these observations: FeS/g-C;N, exhibits two
distinct relaxation processes associated with interfacial and
bulk resistances, while pristine FeS shows less pronounced
features, reflecting sluggish electron/ion transport. In addition,
the composite achieves a Cg, of 802.5 F ¢!, nearly double that
of pristine FeS (377.5 F g~ '), and a markedly higher electrical
conductivity (11.54 S ecm ™" for FeS/g-C3N, vs. 0.79 S cm™ ' for
FeS), as shown in Fig. 7i. These findings clearly demonstrate
that the conductive and porous g-C;N, framework significantly
enhances interfacial contact, accelerates charge transfer, and
improves electrolyte accessibility, thereby endowing FeS/g-C5N,
with superior energy storage capability compared to bare FeS.

3.3. Asymmetric two-electrode FeS/g-C;N, nanocomposite
device

A practical two-electrode asymmetric device was assembled in
a standard CR2032 coin cell configuration with FeS/g-C;N, used

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Comparison of fabricated electrocatalysts with the previously published literature

S. no. Materials b(Ag™h Csp (Fg™) Ep Wh kg ™! Pp W kg ! Electrolyte Ref.
1 C3N,/sulfur@MnS 0.5 493 18.7 327 KOH 36
2 2-C3N,@8SnS, 0.8 787 56.8 KOH 55
3 S-gC3N,/CoS, 1 180Cg ! 32 19.8 KOH 56
4 2-C;N,@CuGas, 1 254 — — KOH 57
5 3D-Bi,S;@2D-g-C3N, 1 mAcm 2 41.53 pAh ecm 2 3.17 yWh em 2 1495 pW cm 2 KOH and PVA gel 58
6 RGO/FeS 1 300 27.91 2093.18 KOH 59
7 Pyrite FeS, 1 260 46.8 — Na,SO, and KOH 60
8 FeS/MoS, 1 991 53 585 KOH 61
9 ZnS/FeS 3 1367.5 — — KOH 62
10 2D g-C3N, 0.5 137.67 19.33 499.9 H,SO, 63
11 MoS,-g-C3N, 1 240.85 — — Na,SO, 64
12 SnS,/g-C3N, 0.5 552 1.6 3050 KOH 65
13 FeS/g-C;N, 1 802.5 17.83 200 KOH This study

on the cathode, activated carbon as the anode, and 3 M KOH
electrolyte to evaluate the real-world practical applicability of
the synthetic materials (see Fig. 8a). As shown by their

electrochemical profiles (see Fig. 8b), FeS/g-C3N, and activated
carbon-based electrodes are the best options because they
permit a broad working voltage window of 0.0-2.0 V. Even at
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Fig. 8

(a) Schematic of a practical two-electrode device assembled by FeS/g-CsN4 nanocomposite, (b) CV curves of practical devices, (c)

specific capacitance versus scan rate plot, (d) GCD curves, (e) specific capacitance versus current density plots, and (f) energy/power density of
the device manufactured at different current densities. (g) Nyquist plot of impedance data with an fitted inset plot and (h) bode plot.
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scan rates of up to 100 mV s, the almost constant form of the
CV curves at different scan rates indicates excellent rate capa-
bility and negligible polarization. Due to restricted ion diffusion
at increasing scan rates, the high C,, of 180.22 F g™' of the
device at 3 mV s~ progressively drops to 20.59 F g~ ' at 100 mV
s~' (see Fig. 8c). Superior capacitive reversibility efficiency is
confirmed by the symmetric, quasi-triangular shape of GCD
curves recorded over the CDs from 1 to 5 A g ' (see Fig. 8d).
With a maximum Cyp 0f 192.53 Fg "at1Ag ', and 43.75F g '
retained at 5 A g ' (Fig. 8e), the charge storage performance
remains resilient under high-rate conditions. Notably, the
device achieves an exceptional Ep, of 175.5 Wh kg™ ' at a Pd of
4.86 kW kg™ ' and maintains 39.86 Wh kg~ ' even at an ultra-
high Py of 20.5 kW kg™ (see Fig. 8f). This demonstrates the
huge potential of the FeS/g-C;N,-based technology for future
high-performance energy storage applications.

The following formulae were used to calculate Cyp, Ep, and
Pp, from GCD profiles:

I Xty

o =2X Xy sm (12)
w X (AV)?
By = S X (BV) (13)
2
E
Py — 3600t>< D (14)
d

Additionally, as shown in the related EIS plot (see Fig. 8g), it
maintains a slight voltage drop. To ascertain the charge transfer
kinetics between the electrolyte and the electrode material, the
equivalent circuit model was employed. Fig. 8¢ shows that the R
value at the real axis intercept was 0.69 Q. The polarization
resistance (Rp) was 59.5 Q, determined in the high-frequency
range using the semicircle diameter. Additionally, two phase
shifts are visible in the Bode phase plot, confirming the existence
of multiple interfacial charge-transport resistances. Capacitive
dominance with little phase lag is indicated by the phase angle
being near 90° (see Fig. 8h). These results validate the improved
energy-power balance and electrochemical stability provided by
the FeS/g-C3N, hybrid design for aqueous supercapacitors.

4. Conclusion

Fabricating a FeS/g-C;N, nanocomposite, in which FeS nano-
particles are uniformly adhered onto a g-C;N, framework,
a potential method for creating high-performance super-
capacitors is presented in this study. A hydrothermal-assisted
synthesis, followed by controlled thermal treatment, enabled
the formation of a composite with well-defined nanostructures
and enhanced electrochemical characteristics. In addition to
the conductive, physically stable, and porous framework
provided by the g-C3N, matrix, the inclusion of FeS results in
a significant number of redox-spotted sites and substantial
theoretical capacities. This combination design increases the
rate capacity and long-term stability by improving structural

integrity, responding favourably to volume variations
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throughout the cyclic process, and distributing electrons and
transporting ions rapidly. Together, FeS and g-C;N, exhibit
a strong synergistic impact that improves Cy, in addition to
reversibility and electrochemical stability. The FeS/g-C;N,
electrode performs very well, exhibiting high E, and great cycle
stability. The hybrid supercapacitor provided an Ep, of 175.5 Wh
kg ' at a Pp, of 4.86 kW kg~ ! and maintained 39.86 Wh kg™ at
a higher Py, of 20.5 kW kg ™" after merging into a practical two-
electrode asymmetric system (g-C3N,/FeS/g-C3N, concentration)
in a 3 M KOH solution. According to these findings, FeS/g-C;N,
has the potential to serve as a potent and effective electrode
material in future supercapacitors. The pseudocapacitive
properties of FeS and the conductive pore structure of g-C3N,
provide excellent electrochemical resilience and performance,
which reveals insightful information for the logical design of
scalable and high-performing hybrid energy storage devices.
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