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pacitor performance via sulfur
engineering in ternary CoNiMoS electrodes

Trupti Tanaya Mishra,a Manisha Sadangi,bc J. N. Behera, *bc Mohua Chakraborty*a

and Dhrubojyoti Roy*a

In this work, porous CoNiMoS (CNMS)-based ternary nanoflower arrays were successfully grown on nickel

foam (NF) using a two-step strategy involving hydrothermal synthesis followed by a solvothermal sulfidation

process. The influence of sulfidation concentration was systematically investigated to optimize the

electrochemical performance. The optimized CNMS@NF electrode exhibits a pronounced charge–

discharge activation behaviour and delivers a high specific capacitance of 1940 F g−1 at 1 A g−1. The

hierarchical porous architecture, derived from hydroxide precursors, enables improved electrolyte

diffusion and efficient exposure of active sites. Notably, this structural evolution leads to a substantial

reduction in solution impedance from 4.1 U to 2.12 U, enhancing charge transport kinetics. The

electrode achieves an impressive energy density of 349.2 Wh kg−1 and a power density of 1631 W kg−1,

while retaining 70% of its initial capacitance after 4000 charge–discharge cycles, demonstrating

excellent long-term stability. The superior electrochemical performance is attributed to the synergistic

interaction among Co, Ni, and Mo species and the enrichment of S2− anions, which collectively stabilize

the nanoflower structure and promote robust redox activity. These findings position the CNMS@NF

electrode as a promising candidate for high-performance energy storage applications.
Introduction

The growing concerns over fossil fuel depletion and climate
change have intensied the global pursuit of sustainable and
clean energy solutions. In this context, the development of high-
performance energy storage technologies has become a central
focus of modern research.1 Among the various energy storage
systems, supercapacitors also known as ultracapacitors-have
gained signicant attention due to their unique advantages
over conventional batteries, including ultrafast charge–
discharge rates, high power density, long cycle life, and wide
operational temperature ranges.2–5 These features make super-
capacitors ideal for a range of applications, such as portable
electronics, telecommunications, hybrid vehicles, and next-
generation wearable technologies.6–8 Despite these advantages,
the relatively low energy density of supercapacitors compared to
traditional batteries continues to limit their broader deploy-
ment.9 Therefore, current research is directed toward improving
energy density while preserving their inherent strengths.10 One
approach involves designing advanced electrode materials with
enhanced electrochemical activity. Conductive substrates like
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nickel foam,11 carbon cloth,12 and graphene foam13 have been
widely explored to directly grow active materials, offering
increased electrical conductivity, structural support, and
binder-free congurations.14 Another strategy incorporates
redox-active transition metals such as iron (Fe),15,16 manganese
(Mn),17 and molybdenum (Mo)18–20 to increase the density of
electrochemically active sites, thereby enhancing charge storage
capacity.

Among various material classes, transition metal
compounds—particularly hydroxides (TMHs), oxides (TMOs),
tellurides and suldes (TMSs)—have shown immense promise
due to their high theoretical capacitance and rich electro-
chemical behavior.21–24 However, TMHs and TMOs oen suffer
from low electrical conductivity and limited active surface areas
due to their wide bandgaps and aggregation tendency.25–27 In
contrast, TMSs exhibit narrower bandgaps, better conductivity,
and rich redox chemistry arising from their multiple oxidation
states and versatile crystal structures, making them superior
candidates for supercapacitor electrodes.28,29 Recent studies
indicate that multi-metallic suldes outperform their single-
metal analogues in electrochemical performance due to syner-
gistic effects and improved structural stability.30–32 For example,
Yang et al. (2021) fabricated a exible NiCo2O4@NiCoMnS4
electrode, achieving a remarkable specic capacity of 4836.2 mF
cm−2, signicantly outperforming the individual components.33

Similarly, Sun et al. (2023) reported a 3D NiCoMoS@Mo0.75-
LDH electrode with a specic capacitance of 1158 C g−1 and
This journal is © The Royal Society of Chemistry 2026
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Scheme 1 Schematic stepwise representation of in situ growth of
CoNiMo hydroxide (CNMH) electrode using hydrothermal process and
then preparation of CoNiMoS (CNMS) modified electrode via sulfuri-
zation technique using solvothermal process.
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excellent cyclic stability.34 Iqbal et al. (2023) demonstrated
enhanced performance in a Co0.5Mn0.5S-based hybrid electrode
with a specic capacity of 542.8 C g−1 at 2 A g−1, highlighting
the benet of multi-metal synergy.35 Chavan et al. (2023)
synthesized a MnCoNiS nanostructure on nickel foam,
achieving 2831.85 F g−1 and excellent durability aer 10 000
cycles, attributed to optimized material design and multi-
element interactions.36

Herein, we report a novel in situ synthesis approach to
engineer binder-free ternary sulde electrodes by incorporating
sulfur (S2−) into a CoNiMo-based hydroxide framework. A cost-
effective two-step hydrothermal and solvothermal route was
employed to grow porous ower-like CoNiMoS (CNMS) nano-
structures directly on nickel foam (NF), denoted as CNMS@NF.
The NF substrate provides high conductivity, mechanical
stability, and a 3D porous network, which facilitates uniform
material growth, minimizes agglomeration, and enhances
electron and ion transport. The precursor CoNiMo hydroxide
(CNMH) was synthesized at 150 °C for 6 hours, and subsequent
suldation at 120 °C for 3 hours produced the optimized CNMS
sample (termed CNMS3). The CNMS3 electrode demonstrated
signicantly improved performance over its hydroxide coun-
terpart, attributed to its unique ower-like morphology and
synergistic multi-metallic interactions. The optimized electrode
delivered an excellent specic capacitance of ∼1940 F g−1 at
1 A g−1 and retained 70% of its capacitance aer 4000 cycles at
100 mV s−1, conrming its potential for high-performance
supercapacitor applications.

Experimental section
Materials

Polyvinylidine uoride (PVDF) (>99.9% purity), sodium molyb-
date dihydrate (Na2MoO4.2H2O) (>99.9% purity), urea
(CO(NH2)2) (>99.9% purity), sodium sulde (Na2S) (>99.9%
purity), nickel nitrate hexahydrate (Ni(NO3)2$6H2O) (>99.9%
purity), and Cobalt nitrate hexahydrate (Co(NO3)2$6H2O)
(>99.9% purity) were all acquired from Sigma Aldrich. Ammo-
nium uoride (96.0%, NH4F, Alfa Aesar), carbon black acquired
fromMTI Corp. The supplier of ethanol was Merck. Nickel foam
was used from Vritra technologies (>99% purity).

Nickel foam cleaning

The NF was pre-treated in concentrated HCl to remove surface
oxide lms. Initially, several pieces of NF (0.5 × 1 cm2) were cut
and ultrasonicated in acid for 10 minutes. Further it was
cleaned in deionized water and ethanol for removal of impuri-
ties. The weight of each nickel foam was checked three times to
ensure accuracy and minimize errors.

In situ growth of CoNiMo hydroxide (CNMH) electrode: step-1

A precursor solution was prepared by dissolving 5 mmol of
Co(NO3)2$6H2O, 1.25 mmol of Ni(NO3)2$6H2O, 6.25 mmol of
Na2MoO4$2H2O, 75 mmol urea, and 37.5 mmol of NH4F in
35 ml deionized water. The mixture was stirred for 30 minutes
to form a homogeneous, transparent, pink solution. Next, the
This journal is © The Royal Society of Chemistry 2026
solution was placed in a 50 ml Teon-lined stainless-steel
autoclave and heated at 150 °C for 6 hours. Aer cooling, the
product was washed with deionized water and ethanol to
remove impurities, and then dried at 60 °C for 12 hours. The
nal product, denoted as CNMH@NF, had an average mass
loading of 0.5 mg cm−2. The CNMH@NF were also tried at
various temperature and duration conditions (as shown in
Fig. S1) among which the performance of the electrode grown at
150 °C for 6 hours was observed to be ideal for supercapacitor
application.

Preparation of CoNiMoS (CNMS) modied electrodes: step-2

The CNMH@NF was submerged vertically in an aqueous solu-
tion containing varying concentrations (X = 1.0, 0.5, 0.25, 0.125
mmol) of Na2S$9H2O for sulfurization. The prepared solution
was a mixture of distilled water and ethanol in a ratio of 2 : 3,
resulting in a total volume of 35 ml.37 The solution was then
transferred to a 50 ml autoclave and heated in an oven at 120 °C
for 3 hours. Aer cooling, the tri-metal sulde-coated NF was
washed with absolute ethanol and distilled water, and dried in
a vacuum drying oven at 60 °C for 4 hours. This process yielded
CoNiMoS nanoowers. The resulting samples were labelled as
CNMS1, CNMS2, CNMS3, and CNMS4 from higher to lower
concentration of Na2S$9H2O, respectively. Aer the sulfuriza-
tion process, the mass loading of the material remained at
0.5 mg cm−2. Several other temperatures were also tried for
synthesis which is given in the SI. The fabrication process of the
electrodes is diagrammatically represented in Scheme 1.

Characterization techniques

The crystal structure of the powder samples was analyzed using
X-ray diffraction (XRD) on a Bruker D8 Advance diffractometer
system with Cu Ka radiation (l = 1.5418 Å). Raman spectros-
copy was conducted using a LabRAM HR Raman Spectrometer
(Horiba) with a 532 nm laser. The surface morphology was
examined using eld emission scanning electron microscopy
(FESEM) on a Zeiss instrument Pvt. Ltd, Germany. To avoid the
effect of NF, the sample was ultrasonicated for 30 min to obtain
the diluted sample for performing transmission electron
Sustainable Energy Fuels, 2026, 10, 364–374 | 365
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microscopy (TEM). TEM analysis of the samples was observed
on a JEOL 2100F instrument equipped with high-resolution
TEM (HRTEM) at 200 kV. Brunauer–Emmett–Teller (BET)
desorption/adsorption analysis was performed on a Quanta
Chrome Instruments system at 77 K to assess the specic
surface area and porosity. The degassing of the sample prior to
BET measurement was carried out at 80 °C for 12 hours to
ensure complete removal of adsorbed moisture and gases. X-ray
photoelectron spectroscopy (XPS) was conducted on an Omi-
cron Multiprobe system, featuring a monochromatized Al Ka
source (1486.6 eV) and EA125 hemispherical electron analyzer,
to investigate the surface composition and chemical state. Data
analysis was performed using PeakFit41 soware, incorporating
Shirley method with background correction and Gaussian–
Lorentzian curve tting. The elemental composition of the
synthesized electrode was determined using inductively
coupled plasma-optical emission spectroscopy (ICP-OES) on an
iCAP 7000 instrument.

Electrochemical characterizations

The electrochemical performance such as cyclic voltammetry
(CV), galvanostatic charge–discharge (GCD) and electro-
chemical impedance spectroscopy (EIS) of the synthesized
materials was assessed using a three-electrode cell congura-
tion on a Biologic SP-200 workstation. The cell was assembled
with the synthesized materials as the working electrode, a plat-
inum electrode as counter one and an Hg/HgO reference elec-
trode dipped in 3 M KOH solution as the electrolyte. A 3 M KOH
solution was used as the electrolyte since it provides high ionic
conductivity and stability, enabling efficient ion transport and
reliable evaluation of the electrode's electrochemical perfor-
mance. This concentration offers a good balance, avoiding
corrosion at higher concentrations and poor utilization at lower
ones (Fig. S2).38 CV measurements were conducted within
a potential window of 0-0.6 V at various scan rates. The potential
window of 0–0.6 V was selected to ensure complete utilization of
the reversible redox reactions of Co, Ni, and Mo suldes while
maintaining electrolyte stability. Extending the range beyond
0.6 V caused CV distortion and oxygen evolution (Fig. S3). To
activate the electrode, 150 CV cycles at 50 mV s−1 were per-
formed. GCD curves were obtained at different current densities
between 0–0.4 V. EIS measurements were also carried out by
applying an alternating voltage with a 5 mV amplitude at the
open circuit potential, over a frequency range of 10 mHz to 200
kHz. The specic capacitance (Cs) (F g−1) and specic capacity
(Csp) (mAh g−1) of the electrode can be calculated from both CV
and GCD using the following equations respectively.39

CsðCVÞ ¼

ð ​
IVdV

2msDV
(1)

CsðGCDÞ ¼ I

m
� Dt

Dv
(2)

CspðCVÞ ¼

ð ​
IVdV

2ms
(3)
366 | Sustainable Energy Fuels, 2026, 10, 364–374
CspðGCDÞ ¼ IDt

m
(4)

where, I and V are current and potential in CV test, m is the
active mass loading, s is the scan rate, Dv and Dt are potential
window and discharging time in GCD respectively.

The energy density (E, Wh kg−1) and power density (P, W
kg−1) of the electrodematerial were calculated using eqn (5) and
(6), respectively.

E ¼ 1

2
CsðDvÞ2 (5)

P ¼ 3600� E

t
(6)

Results and discussions

The structural features of the synthesized materials were rst
investigated using X-ray diffraction (XRD). As shown in Fig. 1(a),
the XRD pattern of the CoNiMo-hydroxide powder displays
prominent peaks corresponding to Ni(CO3)(OH)2$4H2O (PDF
No: 35-0501) and Co(CO3)0.5(OH)$0.11H2O (PDF No: 48-0083).
Notably, only two distinct diffraction peaks are observed, cor-
responding to the (221) and (412) planes of the CoNi(CO3)(OH)$
0.11H2O phase, conrming the successful formation of the LDH
structure.37,40 The XRD pattern of CNMS3 (Fig. 1(b)) reveals the
emergence of new diffraction peaks near 27°, attributed to the
(311) plane of Co3S4 (PDF No: 47-1738), along with additional
low-intensity peaks in the 60°–75° range that correspond to NiS
(PDF No: 02-1280). These peaks, along with residual signals
from Ni(CO3)(OH)2$4H2O and Co(CO3)0.5(OH)$0.11H2O, indi-
cate the coexistence of sulde and carbonate hydroxide phases.
The presence of Co3S4 and NiS phases is consistent across all
CNMS samples, as illustrated in Fig. 1(c). To further examine
surface functionalities, Raman spectroscopy was performed. As
shown in Fig. 1(d), the CNMS electrodes exhibit two character-
istic vibrational peaks. The rst peak at 337 cm−1 is attributed
to the Co–O–Mo bond vibration, while the more intense peak at
935 cm−1 corresponds to the Mo–O stretching mode. The
presence of the Mo–O vibration suggests successful intercala-
tion of MoO4

2−, while the Co–O–Mo vibration conrms covalent
bonding between the metal centres.41,42 Post-sulfurization, no
new Raman peaks were observed; however, a slight red shi in
the 935 cm−1 peak was detected with increasing sulfur content,
which may arise from changes in bond length or intermolecular
interactions.43 The chemical composition and oxidation states
of the elements were analyzed via X-ray photoelectron spec-
troscopy (XPS). The wide-scan survey spectra (Fig. S4) conrm
the presence of Ni, Co, and Mo in CNMH, and additional sulfur
peaks in CNMS3, validating successful sulfur incorporation.
The high-resolution Ni 2p spectrum of CNMH (Fig. 2(a)) reveals
six peaks: two corresponding to Ni2+ at 855.8 and 873.3 eV, two
for Ni3+at 860.0 and 877.5 eV, and two satellite peaks at 861.8
and 880.8 eV. In CNMS3, the Ni2+ 2p3/2 and 2p1/2 peaks exhibit
negative shis of 0.8 eV and 0.5 eV, respectively, while Ni3+ 2p3/2
shis by 0.3 eV. The Ni2+ satellite peak in CNMS3 appears at
This journal is © The Royal Society of Chemistry 2026
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Fig. 1 XRD plot of (a) CNMH sample, (b) CNMS3 sample, (c) combined XRD plot of all electrodes, (d) Raman plot of all the electrodes.
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863.1 eV, suggesting enhanced electronic interactions and
chemical bonding within the CNMH/CNMS hetero-
structure.35,37,38 Similarly, the Co 2p spectrum (Fig. 2(b)) of
CNMH shows two spin–orbit doublets: peaks at 780.5 and
796.6 eV are assigned to Co2+, while those at 779.5 and 795.2 eV
correspond to Co3+. Satellite peaks are observed at 785.1 and
802.4 eV.39,40 In CNMS3, the Co2+ 2p3/2 and 2p1/2 peaks shi
negatively by 0.3 eV and 0.4 eV, respectively, with satellite peaks
observed at 784.8 and 802.2 eV. These shis indicate strong
synergistic electronic interactions in the CNMS3 nano-
architecture.41,42 The Mo 3d spectra (Fig. 2(c)) for CNMH show
two distinct peaks at 231.5 and 234.6 eV, corresponding to Mo6+
Fig. 2 Deconvoluted XPS spectra of CNMS3 and CNMH (a) Ni 2p, (b) Co

This journal is © The Royal Society of Chemistry 2026
3d5/2 and 3d3/2, respectively, conrming the presence of Mo6+

species.44 In CNMS3, these peaks shi positively by 0.6 eV.
Additionally, a new peak appears at 234.7 eV, indicative of Mo5+

species, conrming partial reduction during sulfurization.45

The O 1s spectrum (Fig. 2(d)) shows a dominant peak at
529.7 eV, attributed to metal–oxygen bonds. Deconvolution
reveals additional components at 531.2 and 532.7 eV, assigned
to adsorbed water and metal–hydroxide species, respectively,
consistent with literature values.46 Lastly, the S 2p spectrum of
CNMS3 (Fig. 2(e)) exhibits two main peaks at 161.6 and
162.7 eV, corresponding to metal–sulfur (S2−) bonds such as
Co–S, Ni–S, and Mo–S. A third peak at 168.8 eV is assigned to
2p, (c) Mo 3d, (d) O 1s of CNMH (e) S 2p of CNMS3.

Sustainable Energy Fuels, 2026, 10, 364–374 | 367
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a shake-up satellite, further conrming the successful forma-
tion of metal sulde phases.47 The evolution of surface
morphology from CNMH to various CNMS samples at different
sulfurization concentrations is captured in the SEM images
(Fig. 3(a–e)). As shown in Fig. 3(a), CNMH features well-dened
ower-like nanostructures. Upon sulfurization with a high
sulfur concentration (1 mmol; Fig. 3(b)), the nanoowers retain
their general architecture but begin to exhibit fragmentation.
Conversely, at lower sulfur concentrations (0.5, 0.25 and
0.125 mmol; Fig. 3(c–e)), the nanoower morphology gradually
collapses and aggregates, with structural deterioration
becoming more pronounced at the lowest concentration (0.125
mmol). Among these, the CNMS sample prepared with
0.25 mmol sulfur concentration (Fig. 3(d)) is identied as
optimal, striking a favourable balance between porosity and
structural integrity-an essential factor for maximizing active
surface area. Interestingly, the morphology of the CNMS
samples closely resembles the delicate, layered structure of
a desert “sand rose,” as illustrated in Fig. 3(f). This visual
analogy highlights the intricacy of the nanoower architecture.
The optimization of sulfur concentration is critical; excessive
sulfur can induce structural instability and defect formation,
while insufficient sulfur results in incomplete conversion and
suboptimal performance. The CNMS3 sample emerges as the
best-performing candidate, exhibiting an optimal degree of
sulfurization with a preserved porous network, essential for
high-performance electrochemical applications.
Fig. 3 SEM images of (a) CNMH@NF, (b) CNMS1@NF, (c) CNMS2@NF, (d)
images of CNMS3@NF at different resolutions, (i) SAED pattern of CNMS

368 | Sustainable Energy Fuels, 2026, 10, 364–374
To gain deeper insights into the microstructure of CNMH
and CNMS3, Transmission Electron Microscopy (TEM) charac-
terization was conducted. TEM analysis reveals ultrathin,
interconnected nanosheets forming the nanoower structure,
consistent with the SEM observations. The Selected Area Elec-
tron Diffraction (SAED) patterns conrm the polycrystalline
nature of both samples. For CNMS3 (Fig. 3(i), two distinct
diffraction rings are observed, corresponding to the (222)
planes of Co3S4 and the (103) planes of NiS. In contrast, CNMH
(see Fig. S5 displays rings attributed to the (221) and (231)
planes of Co(CO3)0.5OH)$0.11H2O, and the (002) planes of
Ni(CO3)(OH)2$4H2O, aligning well with the XRD results and
conrming the phase transformation upon sulfurization.
Elemental composition and spatial distribution were further
examined via Energy Dispersive X-ray Spectroscopy (EDS)
mapping. The EDS results (Fig. S6 and S4) conrm the uniform
dispersion of Co, Ni, and Mo in both CNMH and CNMS3
samples. The EDS spectrum of CNMS3 (Fig. 4) also reveals
a marked decrease in oxygen content and the appearance of
sulfur peaks, indicative of a successful conversion from
hydroxide to sulde. Additionally, sulfur-rich domains are
evident in CNMS3, which could enhance charge transfer
kinetics and contribute to superior electrochemical behaviour.
Nitrogen adsorption–desorption isotherms were used to eval-
uate the surface area and pore characteristics of the samples. As
presented in Fig. 5(a), both CNMH and CNMS3 display type IV
isotherms with H3 hysteresis loops, characteristic of
CNMS3@NF, (e) CNMS4@NF samples, (f) sand rose image, (g and h) TEM
3@NF.

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 EDS mapping images of Mo, S, Co, Ni elements in CNMS3@NF sample.

Fig. 5 (a) N2 adsorption–desorption, (b) pore size distribution of
CNMH and CNMS3 samples.
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mesoporous materials.48,49 Notably, CNMS3 exhibits a higher
Brunauer–Emmett–Teller (BET) surface area of 72.48 m2 g−1,
compared to 66.7 m2 g−1 for CNMH. This increase is attributed
to the successful incorporation of sulfur into the hierarchical
nanoower structure, resulting in a more open framework and
improved exposure of active sites. Fig. 5(b) further illustrates
the pore size distribution, showing that both CNMH@NF and
CNMS3@NF possess a mixed porosity prole comprising
abundant mesopores and smaller micropores. The presence of
mesopores in CNMS3, along with its higher specic surface
area, is particularly advantageous for energy storage applica-
tions, as it provides enhanced ion diffusion pathways and better
accessibility to electroactive sites.

This porous architecture not only supports efficient ion
transport but also promotes improved electrode–electrolyte
interaction, thereby boosting overall electrochemical capaci-
tance.50 The electrochemical properties of the synthesized
samples were evaluated using a 3-electrode set up in 3 M KOH
electrolyte. The CV behaviours of the samples were initially
examined at a scan rate of 2 mV s−1, with the results presented
in Fig. 6(a). The CV curves of all samples exhibit prominent
redox peaks, indicating a signicant contribution of pseudo-
capacitive behaviour to their capacity. Notably, the CNMS3
composite displays a larger enclosed area in its CV curve
compared to CNMH and other CNMS electrodes, suggesting
This journal is © The Royal Society of Chemistry 2026
that the suldation process enhances the electrochemical
activity of the material. Fig. 6(b) represents the CV curves of the
CNMS3 hybrid electrode at various scan rates (2–100 mV s−1).
With increasing scan rates, the redox peaks exhibit a noticeable
shi towards the cathodic and anodic directions, respectively.
Notably, the CV curves maintain their shape across different
scan rates, indicating rapid ion diffusion and efficient electron
transfer processes within the hybrid electrode.51 The CV curves
of all other electrodes with different scan rates are shown in
Fig. S7. The specic capacitance of CNMS3 was further inves-
tigated at various scan rates in Fig. 6(c). Remarkably in Fig. 6(c),
the material exhibited specic capacitance values of 2944.9 F
g−1 (1767 mAh g−1), 2315.1 F g−1 (1389 mAh g−1), 1684.2 F g−1

(1010.5 mAh g−1), 868.4 F g−1 (521 mAh g−1), 444.2 F g−1 (266.5
mAh g−1), and 211 F g−1 (126.6 mAh g−1) at scan rates of 2, 5, 10,
25, 50, and 100 mV s−1, respectively. This decrease in specic
capacitance at higher scan rates can be attributed to the limited
diffusion kinetics of electrolyte ions within the material. A
consistent trend is observed across all samples, where the
specic capacitance (specic capacity) varies similarly with the
scan rate (Fig. S8). To quantify the kinetics of redox reactions at
the electrode, the relationship between peak current (i) and
scan rate (v) was investigated using the following equation.52

i = avb (7)

where a and b are adjustable coefficients. The value of
b provides insight into the underlying kinetics, with b = 1
indicating a surface-controlled reaction characterized by
pseudocapacitive behaviour, and b = 0.5 signifying a shi to
a diffusion-controlled process governed by semi-innite diffu-
sion.53 Fig. 6(d) reveals that the CNMS3 electrode exhibits
a linear i–v relationship, with calculated b-values of 0.48
(oxidation) and 0.51 (reduction), indicating a pseudocapacitive
behaviour dominated by diffusion-controlled processes. To
elucidate the contribution of capacitance and diffusion control
at various scan rates, Trasatti equation was used as represented
below.54
Sustainable Energy Fuels, 2026, 10, 364–374 | 369
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Fig. 6 (a) CV of all the electrodes at a scan rate of 2 mV s−1, (b) CV of CNMS3@NF at different scan rates, (c) variation of specific capacitance with
scan rates in CNMS3, (d) relationship between log i vs. log V, (e) comparision of diffusion and capacitance contribution percentage at different
scan rates of CNMS3@NF, (f) determination of capacitance contribution of CNMS3@NF from CV data at 2 mV s−1, (g) GCD graphs of all the
electrodes at 1 A g−1, (h) GCD plot of CNMS3@NF at various current densities from 1–15 A g−1, (i) variation of specific capacitance with current
densities in CNMS3.
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i(v) = k1v + k2v
1/2 (8)

Which suggests that the current response (i) at a specic
potential (V) consists of two distinct contributions: a surface-
related capacitance-controlled component (k1v) and a diffu-
sion-controlled component (k2v

1/2), which together govern the
overall electrochemical behavior. Following to this explanation
the capacitance and diffusion contribution in CNMS3 electrode
has been illustrated in Fig. 6(e). The analysis reveals a signi-
cant decrease in diffusion-controlled processes with increasing
scan rates, attributed to the restricted ion diffusion into the
bulk material at higher scan rates. At a scan rate of 100 mV s−1,
capacitance-controlled processes predominate, reaching
a dominant contribution of 96.4%. Meanwhile, Fig. 6(f),
displays the capacitive contribution is plotted against various
potential at a particular scan rate.57 Notably, the CNMS3 elec-
trode exhibits a capacitive contribution of approximately 7.5%,
indicating that the diffusive mechanism is the predominant
factor inuencing the overall capacitance at a scan rate of 2 mV
s−1. To further assess the capacitive behavior, Galvanostatic
370 | Sustainable Energy Fuels, 2026, 10, 364–374
Charge–Discharge (GCD) tests were conducted on all samples at
a current density of 1 A g−1 (Fig. 6(g)). Consistent with the CV
results, the GCD curves of CNMS3 exhibited the longest
discharge time, featuring a distinct plateau. The observed
specic capacitance values from the GCD curves are 1444 F g−1,
798.7 F g−1, 1800 F g−1, 1940 F g−1, and 877.7 F g−1 for CNMH,
CNMS1, CNMS2, CNMS3 and CNMS4 electrode respectively at
1 A g−1. This reveals that CNMS3 possesses outstanding
capacitance and enhanced energy storage capabilities.58 A
comparison table of recent reported electrodes in literature
along with this report has been represented in table1 below.
Fig. 6(h) presents the GCD curve of the CNMS3 electrode at
various current densities (1–15 A g−1). This evidences that the
GCD plot retains its shape with minimal change as the current
density increases, demonstrating exceptional redox revers-
ibility.59 Additionally, the absence of a signicant IR drop across
all discharge regions suggests that the electroactive material is
fully utilized in the redox reaction, highlighting the remarkable
electronic conductivity of the electrode.60 The GCD proles of
other compared electrodes are also presented with different
This journal is © The Royal Society of Chemistry 2026
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Table 1 Comparision table of our work with recent reported literatures

Sl
no. Electrode Synthesis route Electrolyte Specic capacitance Current density Energy density Power density References

1 NiCoMoS@CC One-step
electrodeposition

2 M KOH 10 860.0 mF cm−2 1 mA cm−2 0.600 mW h
cm−2

0.800 mW
cm−2

28

2 NiCoMo-
LDH@NiCoMoS

Hydrothermal 2 M KOH 7.73 F cm−2 10 mA cm−2 0.25 mW h
cm−2

40 mW cm−2 55

3 NiCoMo@CC Hydrothermal 2 M KOH 8.84 F cm−2 8 mA cm−2 0.64 mW h
cm−2

3.2 mW cm−2 44

4 Ni2Co2Mo4S@CC Microwave
hydrothermal

6 M KOH 177.2 mA h g−1 1 A g−1 39.2 Wh kg−1 783 W kg−1 8

5 Mo–Co–Ni–S Electrodeposition 1 M KOH 2.39 F cm−2 5 mA cm−2 — — 56
6 NiCoMoS@Mo0.75-

LDH
Hydrothermal 3 M KOH 1158 C g−1 1 A g−1 60.98 Wh kg−1 2700 W kg−1 34

7 NiCoMoS2/1@NiCoAl-
LDH

Hydrothermal 3 M KOH 1336.0 C g−1 1 A g−1 41.9Wh kg−1 800 W kg−1 45

8 CNMS@NF Hydro/solvothermal 3 M KOH 1940 Fg−1 (215.5 mAh
g−1)

1 A g−1 349.2 Wh kg−1 1631 Wk g−1 This work
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current densities in Fig. S9. Fig. 6(i) represents variation of
specic capacitance and specic capacity of CNMS3 electrode at
varying current densities. As the current density increases from
1 to 15 A g−1, the specic capacitance of the CNMS3 electrode
exhibits a gradual decline. The calculated specic capacitance
(specic capacity) values of CNMS3 were 1940 F g−1 (215.5 mAh
g−1), 1784 F g−1 (198.2 mAh g−1), 1732.5 F g−1 (192.5 mAh g−1),
1226 F g−1 (136.2 mAh g−1), 447.5 F g−1 (49.7 mAh g−1), and 375
F g−1 (41.6 mAh g−1) at current densities of 1, 2, 5, 8, 10, and
15 A g−1, respectively (Fig. 6(i)). This decrease can be attributed
to the reduced utilization of electroactive sites at higher scan-
ning rates. However, CNMS3 retains a remarkable specic
capacitance of approximately 375 F g−1 at 15 A g−1, demon-
strating a rate performance of around 19.3%. The energy
storage properties of the optimized electrode CNMS3@NF were
assessed, resulting in a high energy density of 349.2 Wh kg−1

and a power density of 1631 W kg−1.
Electrochemical Impedance Spectroscopy (EIS) provides vital

insights into the resistive and capacitive behaviour of electrode
materials. As illustrated in Fig. 7(a), the intercept at the high-
frequency region of the Nyquist plot corresponds to the equiv-
alent series resistance (Rs), which includes contributions from
the intrinsic resistance of the electrode, the electrolyte, and the
contact interface. The measured Rs values for CNMH, CNMS1,
CNMS2, CNMS3, and CNMS4 are 4.2, 2.9, 2.3, 2.1, and 8.2 U,
respectively. Among them, CNMS3 exhibits the lowest Rs,
Fig. 7 Nyquist profiles, (b) Bode plot of all electrodes, (c) cyclic stability

This journal is © The Royal Society of Chemistry 2026
indicating superior electrical conductivity and better electrode–
electrolyte contact. The semicircle observed in the mid-
frequency region of the Nyquist plot reects the charge trans-
fer resistance (Rct), which is indicative of the interfacial kinetics
between the electrolyte ions and active material. The smaller
semicircle radius in CNMS3 suggests a lower Rct, conrming
more efficient charge transfer processes. Additionally, the
steeper slope in the low-frequency region indicates lower
diffusion resistance, attributed to the porous, hierarchically
structured nanoower morphology formed through optimized
suldation. This architecture facilitates rapid ion transport and
increases the accessibility of electroactive sites, thereby
enhancing the faradaic redox processes. Further insight into the
interfacial response dynamics is provided by the Bode phase
angle plot (Fig. 7(b). The relaxation time (s0), which quanties
the minimum time required for efficient ion exchange at the
electrode–electrolyte interface, was calculated using the relation
s0 = 1/f0, where f0 is the characteristic frequency at a phase
angle of 45°.61 Among all samples, CNMS3 displays the shortest
s0, suggesting faster interfacial kinetics and superior charge
transport behaviour. The s0 values of all electrodes are
summarized in Table 2, reinforcing the exceptional perfor-
mance of CNMS3. The cycling stability of the CNMS3@NF
electrode was assessed through continuous cyclic voltammetry
(CV) for 4000 cycles at a scan rate of 100 mV s−1 (Fig. 7(c)).
Impressively, the electrode retains 70% of its initial
of CNMS3@NF at 100 mV s−1.

Sustainable Energy Fuels, 2026, 10, 364–374 | 371
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Table 2 Tabulated values of f0, s0 and Rs

Sample f0 (Hz) s0 (sec) Rs (ohm)

CNMH 32 0.031 4.2
CNMS1 59.28 0.016 2.9
CNMS2 173.1 0.005 2.3
CNMS3 218.51 0.004 2.1
CNMS4 8.25 0.121 7.5
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capacitance, underscoring its excellent structural robustness
and electrochemical durability over prolonged operation. This
decay aer ∼1500 CV cycles is mainly attributed to structural
and interfacial instability of the sulde framework under
repeated redox cycling. Continuous ion insertion/extraction
induces mechanical strain and volume variation, which may
generate microcracks and partial detachment of the nano-
structure, reducing active surface area and breaking electronic
pathways. The retained performance is attributed to the syner-
gistic effect of multi-metal suldes, structural integrity of the
nanoower morphology, and enriched S2− species that mitigate
active material degradation. To further examine the structural
stability andmorphological retention, XRD and SEM analyses of
the CNMS3 electrode were carried out aer the stability test.
The post-stability XRD analysis reveals a decrease in crystal-
linity, but the phase remains unchanged aer long-term
cycling, conrming the material's structural stability
(Fig. S10).62

The post-cycling morphologies of CNMS3@NF are shown in
the Fig. S11. The images suggest that, while the nanoower
structure is generally maintained, surface roughening and
partial detachment from the nickel foam have taken place,
likely leading to the observed decrease in cycling performance.
The EIS measurement of CNMS3 electrode was performed at
intervals of 200 cycles, during the cycle tests which is illustrated
in Fig. S12. The plots show that the semicircle diameter in the
high-frequency region increases aer cycling, indicating an
increase in Rct and Rs due to partial surface degradation and
loss of active sites. In the low-frequency region, the slope
becomes less vertical, reecting slower ion diffusion at the
electrode–electrolyte interface. These observations suggest that
repeated cycling induces structural stress, microcracks, and
partial dissolution of the active material, which collectively
reduce the electrode's conductivity and electrochemical revers-
ibility. Furthermore, as the number of cycles increases, the
overall resistance rises, contributing to the observed decrease in
conductivity.

The ICP-OES analysis was conducted to determine the metal
composition of CNMS3@NF before and aer the stability test.
The results reveal a signicant change in the metal composition
compared to the pristine state. Before the stability test, the
atomic percentage of metals in CNMS3@NF was 6.94% Ni,
28.54%Mo, and 25.52% Co. However, aer the stability test, the
ICP-OES analysis showed that the atomic percentage of metals
had changed to 0% Ni, 6.92% Mo, and 16.58% Co as repre-
sented in table S1 in SI. These results suggest that the electro-
chemical process led to the leaching of Ni and some amount of
372 | Sustainable Energy Fuels, 2026, 10, 364–374
Co along with Mo from the electrode surface, resulting in
a change in the material's composition.

Conclusions

In summary, ternary CoNiMo sulde (CNMS3@NF) nano-
structured owers were efficiently fabricated on NF using
combined solvothermal and controlled suldation process. The
effect of sulfur concentration on the nanostructures and
electrochemical properties of CNMS was systematically inves-
tigated. It has been analyzed that the optimized S concentration
on CNMH enhanced the specic capacitance value by more
than 34%. It revealed that a sulfur concentration of 0.025 mM
was found to signicantly enhance the electrical conductivity of
CNMS3@NF, yielding optimal electrochemical performance.
The CNMS3 sample demonstrates exceptional specic capaci-
tance of 1940 F g−1 at 1 A g−1, along with outstanding rate
capability, retaining 70% of its capacitance at 100 mV s−1. To
further improve the cycling stability of CNMS3@NF, future
work could focus on optimizing the nanoower architecture to
alleviate structural stress during repeated redox cycles, applying
protective coatings or conductive carbon matrices to prevent
active material dissolution, and tailoring the electrolyte to
suppress side reactions and material detachment. These strat-
egies are expected to enhance long-term stability while
preserving high specic capacity. Moreover, it exhibits
a remarkable energy density of 349.2Wh kg−1 at a power density
of 1631 W kg−1. This research provides a facile, efficient, and
cost-effective strategy for synthesizing transition metal suldes
on NF, serving as a binder-free electrode, and paving the way for
the development of next-generation high-performance
supercapacitors.
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