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This paper reports a low-cost and facile wet-chemical method to fabricate FeS-ZnO nanocomposites,
offering promising potential for next-generation supercapacitor applications. The FeS-ZnO electrode
exhibits rapid faradaic redox reactions and sufficient electrochemical double-layer charge storage in an
aqueous medium, achieving a high specific capacitance of 485.10 F gt within a potential range of —0.8
to 0.0 V. The FeS-ZnO composite outperforms its components, FeS and ZnO, by exhibiting enhanced

Received 28th September 2025, electrochemical properties. An asymmetric supercapacitor utilizing a FeS-ZnO||MnO, configuration in

Accepted 30th January 2026 KOH electrolyte demonstrates exceptional rate capability, delivering a capacitance of 145.62 F g2, an
DOI: 10.1039/d5ma01110h extended voltage window of 1.6 V, and reliable performance over 10 000 cycles. The FeS-ZnO nano-

composite shows great promise as an efficient electrode material for next-generation energy storage,
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1. Introduction

Currently, we face pressing challenges of energy deficits and
ecological degradation. In light of these issues, there is a growing
need for more efficient and sustainable energy sources, as well as
the development of advanced energy storage systems." Electrical
energy is the primary sustainable energy source for consumer
electronics, medical equipment, hybrid electric vehicles, and
other comparable technologies.” The development and enhance-
ment of supercapacitors (SCs) arose from a pressing demand for
electrical energy storage solutions characterized by high power
density, extended cyclic lifespan, optimal capacity retention, and
ecological sustainability. The increasing consumption of electri-
cal energy in contemporary civilization fuels this demand. The
need for portable energy storage devices is expected to be fulfilled
by SCs due to their high-power density (1-10 kW kg™'), rapid
charge-discharge speeds, and long-life cycle (>100000 cycles).?
In recent years, extensive research has been conducted on the
energy and power densities of SCs, as enhancing these attributes
is crucial for improving the performance and efficiency of various
applications. The symmetrical cell design, independently opti-
mized capacitance, and extended voltage windows (up to 2.2 V)
for both the positive and negative electrodes in asymmetric
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delivering a high energy density of 51.77 Wh kg™* along with a power density of 4000 W kg™,

supercapacitors (ASCs) contribute to enhanced energy density.*
Recently, the development of advanced electrode materials has
been considered a key strategy to enhance the performance of
next-generation energy storage devices, including asymmetric
supercapacitors.’

The two most widely recognized types of supercapacitors are
electric double-layer capacitors (EDLCs) and pseudocapacitors.
At the electrode/electrolyte interface, they quickly undergo
faradaic redox reactions between the active and electrolyte
components to store energy. On the other hand, EDLCs are
made of carbon-based materials and use an efficient ion adsorp-
tion/desorption process to store energy. Recent years have seen
significant progress in both types of SCs, with extensive research
conducted on both theoretical and experimental aspects.®™®
Recent studies on nickel cobalt hydroxide-based hollow struc-
tures have demonstrated that rational structural engineering,
such as ion exchange-etching strategies, can significantly
enhance electrochemical activity, charge transfer, and energy
density in hybrid supercapacitors. However, SCs’ limited applic-
ability across several sectors is due to their considerably lower
energy densities and overall performance.’** The electroche-
mical performance of SC is primarily influenced by the electrode
material, which encompasses a diverse array of transition metal
oxides. RuQO,, an active electrode material, is distinguished by
its elevated specific capacitance.® However, its widespread use
as an electrode material in SCs has been limited by its toxicity as
well as its cost."*'® As a result, considerable effort has been
devoted to SCs to achieve high specific capacitance and energy
densities. Researchers are examining various transition metal
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oxides (TMOs), including nickel (Ni), cobalt (Co), tin (Sn),
manganese (Mn), molybdenum (Mo), and vanadium (V), as
electrode materials in supercapacitors to enhance their pseudo-
capacitive characteristics.'®°

Zinc oxide (ZnO) is a crucial and environmentally sustain-
able semiconductor from the II-VI group, widely applied in
diverse technological areas.*' > Due to its considerable reactivity
in electrochemical applications, ZnO is a crucial component for
the active materials of SC electrodes. The ZnO electrode, however,
has sluggish faradaic redox kinetics and a limited capacity for
high-rate operation, resulting in poor cycling stability. These
limitations have been addressed through the exploration of ZnO
nanostructures in composite architectures, which improve their
electrochemical performance and mitigate these drawbacks.>*?
Riaz J. constructed a TiN-ZnO composite electrode that demon-
strated enhanced supercapacitor performance throughout an
extended potential range, attributed to the synergistic interaction
between TiN and ZnO and their structured arrangement.>® Using
ZnO nanorods directly deposited on an aluminum substrate,
Ahmad et al. reported a capacitance value of 394 F ¢~ ', measured
at a scan rate of 20 mV s ">’ ZnO/graphene nanosheets are
reported to have a capacitance of 62.2 F g~ " at a current density of
0.5 A g~ ".”® The microwave synthesis of ZnO/graphene nanocom-
posites has yielded a capacitance of 146 F g '.*° The basic
properties of SC electrode materials, such as a variety of oxidation
states, a long cycle life, affordability, abundance, and non-toxicity,
are all fulfilled by iron sulfide (FeS). Extensive efforts have been
directed toward synthesizing FeS nanosheets to harness their
promising properties. Chodankar et al.** documented a MnO,//
MnO, symmetric supercapacitor exhibiting superior energy sto-
rage capabilities within a voltage range of 1.6 V. A supercapacitor
device featuring a 1 V potential window was constructed utilizing
a nickel cobaltite (NiCo,0,) nanowire array anchored on a nickel
foam electrode.*

This study reports the synthesis of FeS sheets and ZnO
nanoparticles through a hydrothermal method, followed by
the fabrication of an FeS-ZnO composite via an efficient wet-
chemical process. The FeS-ZnO composite electrode exhibits a
notable capacitance (C,) of 485.10 F g~ " at a current density of
1 A g~'. The FeS-ZnO composite exhibits a notable energy
density (Eq) of 51.77 Wh kg ' and a power density (P) of
4000 W keg™'. The FeS and ZnO particle composite sheets
enhance charge mobility by augmenting electrical conductivity
and surface area, facilitating electron transfer and ion diffusion.
Consequently, the electrode generated by this approach demon-
strates considerable potential as a feasible option for deploy-
ment in supercapacitor applications (see Table 5 for further
comparison).

2. Experimental section
2.1 Materials and methods

The following materials were used in the experiment: ethanol,
polyvinylidene fluoride (PVDF), N-methyl-2-pyrrolidone (NMP),
nickel foam, manganese dioxide (MnO,), thioacetamide (C,HsNS)
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Table 1 Composition of FeS-ZnO composite with wt%

Materials Compositions FeS ZnO  Time Methanol Temp

FeS-ZnO FeS-40% ZnO 0.32g 048¢g 12h 40ml 80 °C

(99%), zinc chloride (ZnCl,) (98%), acetic acid (AcOH) (99%),
and iron(m) chloride hexahydrate (FeCl;-6H,0) (99%). Sino-
pharm Chemical Reagent Co., Ltd in Beijing provided all of
the chemicals, which were of analytical reagent quality. The
components were used exactly as they were delivered, requiring
no further purification.

2.2 Synthesis of FeS

FeS sheets were created by dissolving 5.8 g of iron(i) chloride
hexahydrate (FeCl;-6H,0) and 6.8 g of thioacetamide (C,H;sNS)
in 15 mL of DI water and 6 mL of ethanol. For 40 minutes, the
solution was ultrasonically sonicated to guarantee uniform
mixing and improve the nucleation process. To maintain a
controlled environment, the resulting solution was then placed
in a 50 mL Teflon-lined stainless-steel autoclave. After being
sealed, the autoclave was heated to 150 °C for two hours in an
oven. FeS sheets with the necessary morphology and crystal-
linity were made easier by this controlled heating process. To
get rid of any residual contaminants or unreacted precursors,
the FeS was thoroughly cleaned with ethanol and DI water after
the heat treatment. Stable and extremely pure FeS sheets were
obtained by vacuum-drying the purified FeS sheets for four
hours at 60 °C to eliminate any remaining moisture.

2.3 Synthesis of ZnO

Using the co-precipitation method, ZnO square-shaped NPs were
produced by dissolving a stoichiometric amount of ZnCl, in triple-
distilled water, and then gradually adding the resulting solution to
an alkaline KOH solution while stirring constantly. The solution
was vigorously stirred at 80 °C until the precipitate formed, then
repeatedly filtered and washed with ethanol and distilled water.
Finally, the precursor was heated for two hours at 100 °C.

2.4 Preparation of FeS-ZnO composite

The FeS-ZnO nanocomposite was created using the FeS and
ZnO ratios shown in Table 1. To facilitate the process, 40 mL of
methanol was added with continuous agitation to ensure the
uniform distribution of the FeS and ZnO. After the materials
were thoroughly amalgamated, they underwent sonication. The
particles in the fluid were distributed more rapidly due to the
adequate agitation of this procedure. Subsequently, the nano-
composite samples were meticulously dried. The samples were
dried at a consistent temperature of 80 °C for 12 hours to allow
controlled evaporation of the solvent. Once the nanocomposite
material solidified, it was ready for investigation, analysis, and
potential use as an SC electrode material (Fig. 1).

2.5 Characterization

A Tongda TD-3500 X-ray diffraction (XRD) machine with a Cu K
(7 = 1.5403 A) radiation source was used in this investigation.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Schematic representation of FeS—-ZnO//MnO, supercapacitor.

The produced samples were examined for phase identification,
material verification, and crystal structure analysis. A JEOL
JSM-7800F instrument was used to do an FESEM examination
of the surface. EDX (energy-dispersive X-ray) testing confirmed
the elemental analysis. Using an electrochemical workstation
(DH7001B), galvanostatic charge/discharge (GCD), cyclic vol-
tammetry (CV), and electrochemical impedance spectroscopy
(EIS), the electrochemical characteristics of the nanocomposites
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were investigated. A 3 M KOH electrolytic solution was used with
an Ag/AgCl reference electrode and a platinum foil counter
electrode.

2.6 Electrochemical measurements

A slurry was prepared using N-methyl-2-pyrrolidone (NMP) as
the solvent and polyvinylidene fluoride (PVDF) as the binder,
with FeS, ZnO, and FeS-ZnO composite as the active materials
supported on conductive carbon. The resulting gel-like paste
was uniformly coated onto a small circular nickel-foam carbon
sheet. The coated electrodes were then dried at 60 °C for 12 h to
obtain the FeS-ZnO composite electrode. After drying, the
coated carbon sheet served as the active working electrode.
Electrochemical measurements were carried out in a 3E
configuration using 3 M KOH as the electrolyte. An Ag/AgCl
electrode and a platinum wire were employed as the reference
and counter electrodes, respectively, within a potential window
of —0.8 to 0.0 V. Cyclic voltammetry (CV), galvanostatic charge-
discharge (GCD), and electrochemical impedance spectroscopy
(EIS) measurements were performed using the same electro-
chemical setup. EIS measurements were conducted over a
frequency range of 0.1 kHz to 100 kHz within the same
potential window. To evaluate the long-term cycling stability,
the electrodes were subjected to 10 000 charge-discharge cycles
at a current density of 10 A g~ ". For the cycling stability tests,
platinum foil and Ag/AgCl were used as the counter and
reference electrodes, respectively.’> Each electrode contained

Fig. 2 (a) X-Ray diffraction analysis of FeS, ZnO, and FeS-ZnO, and (b)-(d) field emission scanning electron microscopy of FeS, ZnO, and FeS-ZnO

composite.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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an active material loading of ~2 mg, ensuring consistent mass
normalization for electrochemical measurements.
m+ C— V4

=——x-—" 1
m—_ Ct V= (™

The abovementioned equation illustrates the relationships
among the masses, capacitance, and voltages of cathodes and
anodes.*

2.7 Asymmetric device

The fabrication of asymmetric supercapacitors (ASSC) employs
a FeS-ZnO nanohybrid for the negative electrode, MnO, for the
positive electrode, and an electrospun PVDF membrane infused
with 3 M KOH as the separator and electrolyte. The investiga-
tion of FeS-ZnO|MnO, based ASSC entailed assessing specific
capacitance, power density, and energy density by evaluating
the mass of cathode and anode materials using CV and charge/
discharge analysis.

I x At ©)
ST mx AV
Cs x AV?
E_s2ar
7.2 ()
3600 x E
p=2"E 4
A7 (4)

Where Cs is the electrode’s capacitance, At is the electrode’s
discharge time, and AV is the voltage difference across the
electrode. In the assembled asymmetric supercapacitor (ASC)
device, each electrode was prepared with an active material
loading of approximately 2 mg, and all electrochemical perfor-
mance metrics were calculated based on the total active mass of
both electrodes.

3. Results & discussion

3.1 Structural analysis

Fig. 2 illustrates the XRD patterns of FeS, ZnO, and the FeS—
ZnO nanocomposite, thereby validating their crystalline struc-
tures. The diffraction peaks for FeS (JCPDS #75-2165) are
observed at 29.9°, 30.4°, 34.7°, 43.2°, 53.1°, and 64.4°, corres-
ponding to the mackinawite FeS crystallographic planes (110),
(004), (200), (114), (300), and (222), respectively. Concurrently,
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the ZnO displays a hexagonal crystal structure with diffraction
peaks at 31.7°, 34.4°, 36.1°, 47.6°, 56.6°, 62.8°, 66.4°, 67.9°,
69.1° 72.6° and 77.1°, which correspond to the planes (100),
(002), (101), (102), (110), (103), (200), (112), (201), (004), and
(202) (JCPDS #79-2205). The XRD pattern of the FeS-ZnO
nanocomposite exhibits distinct peaks corresponding to both
FeS and ZnO, thereby validating the practical synthesis of the
nanocomposite and the retention of the crystalline integrity of
each constituent. This illustrates the successful incorporation
of FeS and ZnO in the produced composite.

KA
"~ Psin0

(5)

Here, k represents Scherrer’s constant, valued at 0.9; the
wavelength (1) is 1.5418 A; f denotes the full width at half
maximum (FWHM) of the diffraction peak; and 0 signifies the
matching Bragg angle of the crystal plane.

Fig. 2(b)-(d) showcases the surface features of FeS, ZnO, and
their composite as captured by FE-SEM analysis. In Fig. 2(b),
FeS reveals a loose network of distorted nanosheets with
irregular textures. ZnO, depicted in Fig. 2(c), exhibits distinct
square-shaped particles with inconsistent surface morphology
and a non-uniform size range. When combined, as shown in
Fig. 2(d), ZnO nanoparticles are uniformly anchored onto the
FeS framework, resulting in a well-integrated hybrid structure.
The intertwining of the two components forms a porous matrix
with high surface area, allowing enhanced electrolyte inter-
action and improved ion accessibility. This interconnected
architecture is expected to boost charge storage efficiency and
support high-performance electrochemical behaviour. Fig. 3
illustrates the elemental compositions of FeS, ZnO, and FeS-
ZnO as determined by energy-dispersive X-ray spectroscopy.
The EDX spectra of FeS materials show two distinct peaks, three
of which correspond to Fe and one to S, as shown in Fig. 3(a).
The high-energy region confirmed the peaks at 48.04% and
51.97%, respectively. The EDX spectra of the ZnO nanocompo-
sites showed two distinct peaks in the high-energy region: one
at 46.69% for O and another at 53.31% for Zn, indicating the
presence of both elements (Fig. 3b). The EDX spectra of FeS-
ZnO composites showed four distinct peaks in the high-energy
region, which corresponded to O, S, Zn, and Fe, respectively, at
12.97%, 12.66%, 33.54%, and 40.82%. This verifies the exis-
tence of O, S, Zn, and Fe, as illustrated in Fig. 3(c). The spectra

(a) Fe FeS

(b) Zn

Energy (KeV)

Fig. 3 EDX analysis of (a) FeS, (b) ZnO, and (c) FeS-ZnO composite.
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Fig. 4 Cyclic voltammetry of (a) comparison of all electrodes at 20 mV s, (b) ZnO, (c) FeS, and (d) FeS—ZnO composite at 10-50 mV s,

of the image do not exhibit any additional peaks, confirming the
purity of the synthesized FeS-ZnO nanocomposites (Fig. 3c).

4. Electrochemical performance

A three mol L™" KOH electrolyte was used in a three-electrode
configuration to study the electrochemical properties of FeS,
Zn0, and FeS-ZnO electrodes. Using a scan rate of 20 mV s~ *
and a potential range of —0.8 to 0.0 V, Fig. 4a shows the CV
curves of FeS, ZnO, and FeS-ZnO. Notably, the area of the CV
curves at a specified sweep rate and the specific capacitance of
the electrode materials are both higher for FeS-ZnO than for
FeS and ZnO. This suggests improved capacitance properties
for the FeS-ZnO composite electrode material. Here, we
describe the oxidation and reduction reactions that take place
when electrode materials are submerged in a KOH solution.

FeS + 30OH™ — Fe(OH); + S + 3e” (6)
Fe(OH); + e — FeS + 30H 7)

ZnO + 20H ™ + H,0 — Zn(OH),>™ + 2e~ (8)
Zn(OH),>~ +2e~ — ZnO + 20H  + H,0 9)

Fig. 4(b)—~(d) illustrates that during the evaluation of FeS,
Zn0, and FeS-ZnO within a scan rate range of 10-50 mV s,
the area encompassed by the CV curves progressively expanded

with the sweep rate. The pseudocapacitive character of the ZnO

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

and FesS electrodes is confirmed by the particular redox peaks
visible in their CV curves. This behaviour shows that rapid,
reversible faradaic reactions, rather than straightforward elec-
trostatic accumulation, dominate the charge storage mecha-
nism. Rapid charge transfer becomes feasible due to the redox
activity resulting from surface or near-surface interactions
between the electrode material and the electrolyte. The perfor-
mance of energy storage is improved, and such pseudocapaci-
tive systems increase capacitance. The increasing regions of the
CV curves with scan rate indicate that these electrodes have
superior rate capacity and exceptional reversibility. Fig. 4d
illustrates the cyclic voltammetry plots for the composite FeS-
ZnO, exhibiting quasi-rectangular configurations. The mirror-
symmetric CV curves demonstrate excellent electrochemical
reversibility and characteristic supercapacitive behavior. The
nearly identical response of each device indicates stable opera-
tion within the potential window of —0.8 to 0.0 V without
noticeable performance degradation.

The capacitive contributions of the ZnO, FeS, and FeS-ZnO
composite electrodes were evaluated at scan speeds between
10 and 50 mV s, as depicted in Fig. 5. The ZnO electrode
(Fig. 5a) demonstrated a capacitive contribution that increased
from 17% at 10 mV s~ * to 43% at 50 mV s *, indicating a notable
improvement in capacitive behaviour with higher scan rates. The
FeS electrode (Fig. 5b) exhibited a capacitive contribution of 23%
at 10 mV s~ ', which increased to 48% at 50 mV s '. This
improved capacitive response indicates a higher charge storage
capacity compared to FeS at both low and high scan rates. The

Mater. Adv., 2026, 7, 2971-2981 | 2975
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Fig. 5 Capacitive contribution of (a) ZnO, (b) FeS, and (c) FeS—ZnO composite at 10-50 mV s,

FeS-ZnO composite (Fig. 5c) outperformed the individual
components, demonstrating a capacitive contribution of 32% at
10 mV s, significantly increasing to 57% at 50 mV s '. The
interaction between FeS and ZnO in the composite material
improves its capacitive performance, suggesting increased ion
diffusion and superior charge storage capacities, particularly at
high scan rates. The FeS-ZnO composite is a promising material
for energy storage applications due to its outstanding capacitive
performance across all assessed scan rates.

To gain a more thorough knowledge of the electrochemical
reaction kinetics of FeS, ZnO, and FeS-ZnO, we employed an
equation to precisely characterize the relationship between
peak current and scan rate in the CV curves.

i=a’ (10)

logi = blogv + loga (11)
In this context, “i”” denotes the peak current, “v” signifies the
scan rate, and “a” and “b” are coefficients. In the log(v) log()
fitting plot, the y-axis intercept denotes parameter a, whereas the
slope of the curve signifies parameter b. The kinetics of the
process is primarily controlled by diffusion and involves ion
intercalation when b ranges from 0 to 0.5. When b lies between
0.5 and 1, it indicates that the Faraday reaction has an impact on
the kinetics of response, as it displays significant pseudocapaci-
tive properties. For FeS, ZnO, and FeS-ZnO, the corresponding b
values are 0.726, 0.734, and 0.7205. The results suggest that both

[ld Diffusion

surface capacitance and diffusion-controlled mechanisms con-
tribute to the charge storage mechanism of the electrode
materials. The following formula can be used to calculate the
contribution ratio:

i(V) = kqv + kpp/? (12)

iV =k + k,y (13)

Increasing the scan rate from (10-50) mV s~ ' Fig. 6a results
in a significant increase in the FeS-ZnO ratio, which also rises
substantially. The results suggest that diffusion-controlled pro-
cesses, operating at reduced scan rates, predominantly govern
the charge storage mechanism. Nevertheless, as scan rates
escalate, the impact of surface capacitance becomes more
significant, leading to a reduction in the role of diffusion due
to the decreased contact time of the ions with the electrode
material. Fig. 6(a) illustrates that the dark blue integration area
accounts for roughly 57% of the surface capacitance contribu-
tion at a scan rate of 50 mv s .

The GCD curves for the FeS, ZnO, and FeS-ZnO electrodes at
a current density of 3 A g~ ' are shown in Fig. 7(a). The specific
capacitance of FeS-ZnO (485.10 F g™ ') is higher than that of
ZnO (172.5 F g~ ') and FeS (230 F g~ '), as shown by eqn (2). At
current densities ranging from 1 to 5 A g~', the GCD curves of
the FeS, ZnO, and FeS-ZnO electrodes are shown in Fig. 7(b)-
(d). As the current density rises from 1-5 A g, the diffusion
and mobility of electrolyte ions on the electrode material’s

a FeS-ZnO Capacitiv b c
( )“m faml Copacitive (b) ©) o
~ m Zno ——50mV/s
2 < . ® FeS Il Capacitive
% = 2?1 a Feszno 0.005
£ 2 <
< =
£ 3 24 3 0.000
= - 2
£ 3 £ -0.005
= 2.6
2 5 O
= Q -0.010
= o0
] S 28
Q -0.015
20 30 40 1.0 12 14 1.6 1.8 08  -06  -04 02 0.0

Scan Rate (mV/s)

Fig. 6
composite at 50 mV s,
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(a) Contribution ratio of FeS—ZnO composite, (b) b-value of FeS, ZnO, and FeS—-ZnO composite, and (c) capacitive performance of FeS—ZnO
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capacitance of ZnO, FeS, and FeS-ZnO composite electrode.

surface become more difficult. The limited penetration of
charge carriers into the interior of the active material restricts
the electrochemical reaction. After that, the specific capaci-
tance value drops. As shown in Fig. 7d, the GCD curves of the
FeS-ZnO composite are symmetrical and consistent, aligning
well with the CV results and supporting the observed electro-
chemical behaviour. Fig. 7(b)-(e) illustrates the specific capa-
citance of the FeS electrode across different current densities.
The capacitance values are 230, 180, 146, 125, and 112 F g~ " at
current densities of 1-5 A g~ '. Eqn (2) calculates these values
over a voltage range of —0.8 to 0.0 V. The specific capacitances
for the ZnO electrode are 172.5, 127.6, 105, 95, and 87.3 F g~ .
The specific capacitances of the FeS-ZnO electrode are 485.1,
382.2, 327.6, 294, and 273 F g, respectively. As the current
density increases from 1 to 5 A g~ ', the specific capacitance of
FeS decreases from 230 to 112 F g~ ', while ZnO shows a similar
trend, dropping from 172.5 to 87.3 F g~ '. In comparison, the
FeS-ZnO composite exhibits a higher initial capacitance of
485.1 F g, which decreases to 273 F g~ ' with increasing
current density. Despite this decline, the composite maintains
a relatively stable capacity, indicating improved rate capability
and synergistic interaction between FeS and ZnO components.
Fig. 7(e) illustrates that the composite electrode composed of

Table 2 Specific capacitance of all the prepared electrodes

Current density

(Aag™h ZnO (Fg™) FeS (Fg ") FeS-ZnO (F g ')
1 172.5 230 485.1

2 127.6 180 382.2

3 105 146 327.6

4 95 125 294

5 87.3 112 273

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

FeS and ZnO exhibits a greater specific capacitance than
electrodes constructed from separate components due to the
synergistic interaction between the two materials. The electro-
chemical performance and capacity are improved by integrat-
ing the extensive surface area and conductive pathways of FeS
sheets with ZnO nanoparticles, which augment the active sites
for charge storage (Table 2).

Fig. 8 presents the electrochemical impedance spectroscopy
(EIS) results of the FeS, ZnO, and FeS-ZnO composite electro-
des, illustrating both the real (Z’) and imaginary (Z”) compo-
nents of the impedance spectra. In the Nyquist plots, the
intercept of the curve with the real axis in the high-frequency
region corresponds to the solution resistance (R;), which reflects
the combined resistance of the electrolyte, intrinsic electrode
resistance, and contact resistance between the electrode and
current collector. The diameter of the semicircular arc observed
in the high to medium frequency region represents the charge
transfer resistance (R.), associated with the kinetics of inter-
facial redox reactions at the electrode-electrolyte interface. In
the low frequency region, the nearly vertical line approaching
the imaginary axis is indicative of ion diffusion behavior within
the electrolyte and electrode material, reflecting ideal capacitive
characteristics. All three electrodes FeS, ZnO, and the FeS-ZnO
composite exhibit comparable Nyquist plot profiles (Fig. 8a),
suggesting similar electrochemical reaction mechanisms. How-
ever, quantitative analysis reveals significant differences in
resistance parameters. Notably, the FeS-ZnO composite elec-
trode shows substantially lower R and R values compared with
the individual FeS and ZnO electrodes (Fig. 8b), indicating
enhanced electrical conductivity and faster charge transfer
kinetics. The reduced R, of the FeS-ZnO composite can be
attributed to the effective incorporation of FeS into the ZnO
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Fig. 8 (a) Impedance plot of FeS, ZnO, and FeS-ZnO composite, (b) zoomed view.

matrix, which facilitates improved electron transport pathways
and strengthens interfacial contact within the composite struc-
ture. In contrast, the pure ZnO electrode exhibits relatively poor
electrical conductivity, leading to higher solution and charge
transfer resistances, as evidenced by the increased Ry and R
values. These elevated resistances result in sluggish interfacial
kinetics and inferior electrochemical performance. As summar-
ized in Table 3, the FeS-ZnO composite electrode demonstrates
superior electrical conductivity and enhanced capacitive perfor-
mance relative to the pristine FeS and ZnO electrodes. The
synergistic interaction between FeS and ZnO effectively reduces
internal resistance, thereby promoting efficient ion diffusion
and charge transfer, which ultimately contributes to the
improved electrochemical behavior of the composite electrode.

The two-electrode device was engineered to provide sufficient
energy storage for practical supercapacitor applications. The
enhanced charge storage capacity of the FeS-ZnO nanocomposite
electrode was investigated using a two-electrode setup, with 3 M
KOH aqueous solutions serving as the electrolyte between the
cathode and anode. Fig. 9a illustrates the schematic design of an
asymmetric supercapacitor configured with FeS-ZnO as the
cathode and MnO, as the anode. Fig. 9b presents the working
potential ranges of the assembled device, with MnO, operating
between 0.0 and 0.8 V, and FeS-ZnO between —0.8 and 0.0 V. The
ASSC CV curves of FeS-ZnO|MnO, for different scan rates and
potentials (—0.8 to 0.8 V) are illustrated in Fig. 8c. The selected
voltage is optimal for operation, as the peak voltage reached 1.6
V, according to the CV curves. The voltammogram of the FeS-
ZnO|MnO, ASC exhibits a symmetrical pattern at both positive
and negative potentials, demonstrating its exceptional reversibil-
ity and rate capacity. The overall charge storage capacity in a two-
electrode configuration often employed in supercapacitors is

Table 3 Impedance plot analysis of ZnO, FeS, and FeS-ZnO composite
conducted using high-resolution zoom software

Materials R, (Q) R, (Q)
ZnO 0.51 5.78
FeS 0.73 3.26
FeS-ZnO 0.60 2.53
2978 | Mater. Adv,, 2026, 7, 2971-2981

associated with the redox peaks detected in FeS-ZnO nanocom-
posite and MnO, aqueous solutions during cyclic voltammetry
(CV) analysis. These candidates exhibit potential for energy
storage devices owing to the pseudocapacitive characteristics
suggested by these peaks. The CD pattern of the FeS-ZnO||MnO,
ASSC is represented in Fig. 9d. CD tests were conducted using
diverse charge and discharge current rates from —0.8 V to 0.8 V.
The capacitance was determined to be 145.62 F g~ " at a current of
1 Ag . The capacitance was maintained at that level by gradually
decreasing it until it attained 56 F g~ at a discharge current of
5 A g~ . Fig. 9e illustrates the data for a particular current rate. A
unique voltage plateau in the CD platform signifies the behaviour
of both EDLCs and pseudo-capacitors within the FeS-ZnO|MnO,
ASSC system. The impedance map in Fig. 8f illustrates the best
performance of the FeS-ZnO||MnO, ASSC. The FeS-ZnO|MnO,
ASSC exhibited elevated conductivity, with an R value of 5.054 Q
and an R value of 5.417 Q. Fig. of illustrates that the material’s
elevated conductivity resulted in an enhancement of capacitance.

Power density and energy density are two key parameters for
assessing the performance of the FeS-ZnO|MnO, ASSC, and they
are calculated using eqn (3) and (4). At a current density of 1 A g™,
we achieved an energy density of 51.77 Wh kg™ ' and a power
output of 800 W kg™ . At a discharge current of 5 A g™, the values
rose to 26.66 Wh kg™ and 4000 W kg™, respectively (Table 4).
This work validates the synergistic interaction of FeS and ZnO
inside a composite matrix by assessing adequate energy and power
transfer. Evaluating the stability of the FeS-ZnO|MnO, ASC cycle
is essential for understanding its value. Fig. 10a illustrates that
power densities increase as energy densities decrease. The dur-
ability of the FeS-ZnO|MnO, ASSC was evaluated over 10000
cycles at 10 A g%, as described in Fig. 10b. The electrochemical
process likely entailed continuous structural degradation. Fig. 10b
illustrates that the FeS-ZnO||MnO, ASSC retains 96.5% of its initial
capacity after 10 000 cycles despite being subjected to a consider-
ably elevated current flow rating.

5. Conclusion

This work presents a cost-effective wet-chemical synthesis
approach for fabricating FeS-ZnO nanocomposites, designed

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 4 FeS-ZnO|MnO, specific capacitance, energy density, and
power density at 1-5 A g~*

Current Specific capacitance Energy density Power density
density(Ag™") (Fg ") (Wh kg™ Wkeg)

1 145.62 51.77 800

2 130 46.22 1600

3 120 42.60 2400

4 105 37.32 3200

5 75 26.66 4000

for use as electrode materials in supercapacitor applications.
The FeS-ZnO electrode exhibits an impressive specific capaci-
tance of 485.10 F ¢~ ' within a potential window of —0.8 to 0.8 V,

~
&
-’

® - @- FeS-ZnO||MnO,

Energy density (Wh/kg)
oS

20 . . r r
1k 2k 3k 4k
Power density (W/kg)
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(a) Schematic representation of an asymmetric supercapacitor FeS—-ZnO|MnO,, (b) comparative CV of FeS-ZnO and MnO; at different potential

outperforming both the individual FeS and ZnO electrodes.
When assembled into an asymmetric configuration (FeS-
ZnO|MnO,), with FeS-ZnO as the cathode and MnO, as the
anode, the device demonstrates excellent rate capability and
delivers a specific capacitance of 127 F g ' across a voltage
window of 1.6 V. The substantial synergistic effect between the
Fe and Zn components is demonstrated by the device’s capacity
to sustain high conductivity and stability across 10 000 charge-
discharge cycles. Additionally, at a peak power output of
3500 W kg ', it exhibits an exceptional energy density of
45.15 Wh keg™', demonstrating its potential as a high-
performance electrode material for next-generation energy sto-
rage applications.
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Table 5 Comparison of energy density, power density, and cyclic stability
of ZnO composite

Energy Power Current Cyclic

density density density No of retention
Materials composite (Whkg™') (Wkg ') (Ag™") cycles (%)
Mo@ZnO** 39.06 7425 8000 75.6
CNO-ZnO@Zn0O** 10 8100 — 2000 92
ZnO@rGO>° 50.6 3535 2 2000 96.4
NioO@ZnO*’ 58.3 200 8 6000 82
Nd-doped ZnO** 7.36 730 2.5 1000 92
FeS-ZnO [this study] 51.77 4000 10 10000 96.5
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