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ABSTRACT

This study presents a unique hierarchical architecture in which the synergistic
effect between the high-capacity CuO framework and conductive WS, nanosheets
is effectively utilized. In contrast to traditional electrode systems, the binder-free
heterostructure directly grown on the stainless steel substrate offers faster ion-
transport channels and improved mechanical stability during repeated redox
reactions. XRD and Raman spectroscopy analyses verify the successful formation
of the desired molecular phases. Electrochemical measurements performed in a
1 M LiCl electrolyte with a three-electrode system reveal enhanced charge-storage
performance for the hybrid structure. Notably, the CuO@WS,/SS electrode deliv-
ers a specific capacitance of 665 F g™ at 10 mV s™, which is substantially higher
than that of pristine WS,/SS (385 F g™). Kinetic analysis based on the power-law
relationship indicates that charge storage in the CuO@WS,/SS composite electrode
arises from both diffusion-driven and surface-controlled mechanisms. The incor-
poration of CuO markedly increases the capacitive contribution, reaching 66% at
70 mV s and 80% at 300 mV s, compared with the pristine WS,/SS electrode.
To evaluate practical applicability, a symmetric supercapacitor (SSC) device is
assembled by using the CuO@WS,/SS electrodes with a 1 M LiCl aqueous electro-
lyte. The device exhibits an impressive operating potential window of 1.5 V and
demonstrates exceptional long-term stability with 94.6% capacitance retention
after 10,000 continuous charge—discharge cycles. Furthermore, the SSC device
delivers a maximum energy density of 30.8 Wh kg™ at a power density of 1155 W
kg ! (at a specific current of 1 A g™!). Even at a high power density of 4696 W kg™
(at 5 A g’!), it maintains a significant energy density of 9.3 Wh kg ™. These results
highlight the potential of transition metal chalcogenide/oxide heterostructures
for high-performance and durable energy storage solutions.
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1 Introduction

The rapid growth of the global population leads to
an increasing demand for electrical energy. Energy
production and consumption predominantly rely on
fossil fuels, despite their considerable impact on both
the global economy and the environment. Alterna-
tively, renewable energy sources are currently in high
demand. In renewable energy systems, energy stor-
age devices offer several advantages, including a wide
operating temperature range, good cycling stability,
low cost, fast charge—discharge capability, and high
power density. Cycling stability is a key parameter
in energy storage devices and significantly influences
their operational lifetime [1]. Certain design improve-
ments enable them to endure extended charge—dis-
charge cycles. Owing to their unique combination
of fast charge-transfer kinetics and strong structural
stability, supercapacitors emerge as a key technology
for modern energy demands. These devices bridge the
gap between batteries and conventional capacitors by
providing both high-rate performance and long opera-
tional life. Several approaches exist to enhance the per-
formance of supercapacitors. These strategies include
tailoring electrode morphology, improving chemical
and structural stability, optimizing electrical conduc-
tivity, and incorporating advanced materials [2]. The
key parameters that enhance the electrochemical per-
formance of electrodes include high porosity, a large
active surface area, good electrical conductivity, and
abundant redox-active sites [3].

Metal oxides have recently attracted considerable
attention as promising materials for high-perfor-
mance supercapacitor electrodes due to their large
surface area and excellent electrochemical properties.
As supercapacitor materials, metal oxides are widely
favored owing to their natural abundance, low cost,
environmentally benign nature, and straightfor-
ward synthesis routes [2]. In particular, binary metal
oxides exhibit excellent electrochemical performance
due to their enhanced conductivity and rapid redox
reactions during electrochemical processes [1]. The
increased surface area in doped metal oxides enhances
charge-storage capability in supercapacitor and bat-
tery systems by promoting electrochemical reactions.
In addition, metal oxides exhibit excellent cycling
stability with minimal performance degradation [4].
This feature makes them suitable for long-term appli-
cations. In addition, their porous structures facilitate
efficient ion transport and charge storage, leading to
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high capacitance [5, 6]. Doped metal oxides further
advance the performance of energy storage and con-
version systems by simultaneously improving charge
transport, structural robustness, catalytic activity,
long-term cycling behavior, and accessible active sur-
face [7-11]. Metal oxides play a significant role in next-
generation energy systems due to their unique prop-
erties, enabling the development of advanced energy
storage technologies.

The increasing use of metal sulfides in hybrid
device fabrication is driven by their strong electro-
chemical activity [12]. In metal sulfides, sulfur’s lower
electronegativity compared to oxygen enhances capac-
itance and structural flexibility, while their high redox
activity supports efficient electrochemical processes in
batteries and supercapacitors. This property enables
efficient participation in charge-discharge processes,
thereby improving energy storage capacity. Transi-
tion and post-transition metal sulfides also exhibit
high electrical conductivity, which facilitates effec-
tive electron transport during electrochemical opera-
tion. These characteristics are essential for achieving
high power density in energy storage devices [13].
Moreover, metal sulfides are highly versatile materi-
als with wide applicability in energy storage systems.
Their structural adaptability enables integration into
different architectures, including high-power superca-
pacitors and alkali-metal (Li, Na, and K) ion batteries
[14]. Metal sulfide-based electrodes exhibit excellent
cycling stability, retaining a significant portion of their
initial capacitance over thousands of charge-discharge
cycles. This property is crucial for energy storage sys-
tems that demand long-term durability [15]. Further-
more, they can be easily combined with materials such
as carbon-based structures to form composites with
improved electrochemical performance.

The primary motivation of this research is to
address the inherent limitations of transition metal
dichalcogenides (TMDCs), particularly the low
electrical conductivity and sluggish surface kinet-
ics of WS,, which restrict their practical use in high-
rate supercapacitors. Despite various enhancement
strategies, achieving high-performance materi-
als through controlled synthesis remains chal-
lenging and requires more advanced integration
approaches. This study distinguishes itself from
previous reports by integrating CuO nanostruc-
tures onto WS, nanosheets directly grown on stain-
less steel substrates, forming a binder-free hierar-
chical architecture. Unlike conventional composite
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electrodes that depend on conductive additives,
this work focuses on the quantitative deconvolu-
tion of charge-storage kinetics to elucidate how CuO
modification alters the balance between diffusion-
controlled and surface-controlled processes. By sys-
tematically analyzing capacitive contribution over
a wide range of scan rates, this study reveals the
interfacial synergy between CuO and WS, and pro-
vides a robust approach for designing high-perfor-
mance electrodes with optimized pseudocapacitive
behavior.

Transition metal dichalcogenides and metal
oxides have been extensively studied for electro-
chemical energy storage applications; however, sig-
nificant limitations still remain for practical imple-
mentation, particularly low electrical conductivity,
restricted ion transport, and limited utilization of
electroactive sites. In previously reported systems
[16, 17], these limitations are generally linked to the
use of single-component materials or binder-based
powder electrodes, which can reduce charge-trans-
fer efficiency and structural stability. In this con-
text, a CuO-WS, hybrid architecture is developed
directly on a conductive stainless steel substrate via
an electrochemical approach, eliminating insulating
binders and enhancing interfacial contact. The origi-
nality of this work lies in the design of a heterostruc-
tured electrode that enables synergistic interactions
between CuO and WS,, improving ion diffusion
pathways and increasing the accessibility of active
sites. Furthermore, the charge-storage mechanism
is systematically evaluated, showing that both dif-
fusion-controlled and surface-controlled processes
contribute significantly to the overall capacitance.
Compared to conventional WS,-based electrodes,
a substantial improvement in capacitive contribu-
tion, rate capability, and long-term cycling stabil-
ity has been achieved. These findings indicate that
the designed hybrid structure provides an effective
strategy for optimizing pseudocapacitive behavior
and offers a promising route for the development
of high-performance energy storage systems. Com-
pared to conventional WS,-based electrodes, the
hybrid structure delivers significantly improved
capacitive contribution, rate capability, and long-
term cycling stability. These results demonstrate
that the designed architecture effectively enhances
pseudocapacitive behavior and provides a prom-
ising strategy for developing high-performance
energy storage systems.
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2 Experimental
2.1 Materials

The chemical reagents, including sodium tungstate
dihydrate (Na,WO,-2H,0, 99%), sodium thiosulfate
(Na,5,05-5H,0, 298%), lithium chloride (LiCl, 299%),
hydrochloric acid (HCl, 37%), copper sulfate pen-
tahydrate (CuSO4-5H,0, 98%), and hydrogen perox-
ide (H,O,, 35%), are purchased from Sigma-Aldrich
Company (UK) and utilized without further purifica-
tion. Stainless steel (SS) serves as the working elec-
trode substrate. To ensure strong adhesion and a high-
quality surface for electrodeposition, the SS substrates
are subjected to a thorough mechanical and chemical
cleaning procedure. Initially, the surfaces are pol-
ished using fine-grit sandpaper. This is followed by
a sequential ultrasonic cleaning cycle lasting 75 min,
involving immersion in ultrapure water, acetone,
2-propanol, and hydrochloric acid. Finally, the pre-
pared substrates are dried under a steady stream of
nitrogen gas to ensure a contaminant-free surface.

2.2 Synthesis of CuO@WS,/SS electrodes

For the synthesis of the CuO layer, an aqueous pre-
cursor solution is prepared by dissolving 10 mM
CuSO,-5H,0 and 0.2 M LiCl in 50 mL of ultrapure
water, and the pH is adjusted to the desired value
using a few drops of HCl. The mixture is continuously
stirred until a homogeneous solution is obtained. The
metallic Cu precursor is subsequently deposited onto
the stainless steel (SS) substrate via galvanostatic elec-
trodeposition at a stabilized potential of - 0.4 V for
420 s. To induce phase transformation from metallic
Cu to CuO, the deposited films are thermally annealed
at 450 °C for 2 h in air.

To synthesize the WS, layer on the SS substrate,
a secondary electrolyte bath is prepared by dissolv-
ing 20 mM Na,5,0;3-5H,0, 10 mM Na,WO,-2H,0,
0.2 M LiCl, and 0.05 M H,0O, in 50 mL of ultrapure
water. The pH is adjusted to 2 using controlled addi-
tions of HCL. The co-electrodeposition of W and S
species onto the SS substrate is then performed at a
constant potential of — 0.8 V for 600 s. The proposed
electrochemical formation mechanism of WS, on the
stainless steel substrate can be explained as follows.
The process involves the electrochemical reduction
of tungstate ions (WO, to lower-valence tungsten
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species at the cathode surface, while thiosulfate ions
(S,05%) are simultaneously decomposed in the pres-
ence of H,0O, to generate reactive sulfur species (5°).
The in situ generated sulfur species subsequently
react with reduced tungsten ions, leading to nuclea-
tion and growth of WS, through an ion-by-ion depo-
sition mechanism. The overall process is governed by
coupled reduction-oxidation reactions and interfacial
charge transfer, resulting in the formation of a uniform
WS, layer on the substrate. After the deposition step,
the WS,/SS electrode is dried under ambient labora-
tory conditions. Subsequently, the WS, layer is depos-
ited onto the previously prepared CuO/SS substrate
using the same electrochemical parameters described
above. The resulting CuO@WS,/SS structure is then
annealed at 450 °C for 1 h. Figure 1 schematically pre-
sents the synthesis route of the WS,/SS and CuO@WSs,/
SS electrodes. Accordingly, two electrode configura-
tions—WS,/SS and CuO@WS,/SS—are fabricated for
comparative performance evaluation.

2.3 Analytical techniques and electrochemical
performance testing

Surface morphologies of the fabricated electrodes
are examined using scanning electron microscopy
(SEM) with a Carl Zeiss EVO 40 system (Carl Zeiss
NTS Limited Company, Cambridge, UK). The crystal-
line nature and phase composition of the samples are
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determined via X-ray diffraction (XRD) analysis. Addi-
tionally, a Renishaw Raman Microscope is utilized to
further investigate the surface phase characteristics
and vibrational modes of the electrodes.

A conventional three-electrode configuration is
used for all electrochemical measurements and con-
trolled using a Gamry Reference 3000-E workstation.
In this setup, the synthesized material on stainless
steel serves as the working electrode, while a graphite
rod and Ag/AgCl electrode act as the counter and ref-
erence electrodes, respectively. The 1 M LiCl aqueous
electrolyte is selected as a neutral medium to minimize
side reactions and structural degradation of the elec-
trode, while providing sufficient ionic conductivity for
reliable electrochemical evaluation.

3 Results and discussion
3.1 Surface analyses of the electrodes

The surface morphologies of the fabricated elec-
trodes are presented in the SEM images shown in
Fig. 2. The pristine WS,/SS electrode (Fig. 2a) shows
a relatively uniform and compact distribution of
fine particles on the stainless steel substrate. In con-
trast, the CuO@WS,/SS electrode (Fig. 2b) exhibits a
clear morphological change, where spherical CuO
nanoparticles are uniformly distributed on the WS,

WS, / SS Electrode

Tungsten
Disulfide (WS,)

A substrate featuring a distinct, single
yellow layer of tungsten disulfide.

Composite CUO@WS, Layer

A composite layer where CuO and WS,
are intertwined at the atomic level.

Fig. 1 Schematic illustration of the step-by-step fabrication process of the WS,/SS and CuO@WS,/SS electrodes, including electro-

deposition and subsequent thermal annealing treatments
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Fig. 2 Morphological and elemental characterization of the fab-
ricated electrodes: a SEM micrograph of the pristine WS,,SS
electrode b SEM micrograph of the CuO@WS,/SS compos-
ite electrode, ¢ EDS elemental mapping of the WS,/SS surface

surface. These CuO clusters form a more hierarchi-
cal and porous surface structure, increasing the den-
sity of electroactive sites and enhancing ion trans-
port at the electrode—electrolyte interface.

The elemental distribution and chemical homoge-
neity of the electrodes are further confirmed by EDS
mapping analysis (Fig. 2c and d). For the WS,/SS
electrode (Fig. 2c), the maps verify the presence and
uniform distribution of W and S, indicating the suc-
cessful formation of a continuous WS, layer. In the
CuO@WS,/SS composite (Fig. 2d), the coexistence
of W, S, Cu, and O signals confirms the effective
incorporation of CuO within the WS, matrix. The
overlapping elemental signals indicate a uniform
dispersion of CuO nanoparticles throughout the
WS, framework with minimal agglomeration. This
intimate interfacial contact is essential for enhancing
synergistic electrochemical interactions and improv-
ing charge-transfer kinetics in the hybrid electrode.
The weight percentage of CuO in the CuO@WSs,
composite is calculated based on the mass ratio of
the active materials. Accordingly, the CuO content
in the CuO@WS,/SS electrode is determined to be
29.2 wt%.
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Fig. 3 XRD spectra of WS,/SS and CuO@WS,/SS
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3.2 XRD and Raman studies

Figure 3 presents the XRD patterns of the synthesized
materials. For pristine WS,, the diffraction peaks
observed at specific 20 positions correspond to the
characteristic planes of hexagonal WS,, confirming
good crystallinity and phase purity. In the CuO@WS,
sample, the main WS, diffraction peaks remain clearly
visible, indicating that the layered WS, structure is
preserved after composite formation. For the both
material, the XRD peaks at 31.9, 43.9, 44.6, 50.8, 61.1,
and 74.8° correspond to (10 1), (104),(006), (105), (1
06), and (11 6) crystalline planes of WS,, respectively
(JCPDS No. 01-084-1398 and 08-0237) [16]. In the XRD
pattern of the CuO@WS, composite, the additional
peaks observed at 35.8 and 38.4° are, respectively,
assigned to the (1 1-1) and (1 1 1) crystallographic
planes of the CuO phase (PDF# 48-1548) [17, 18].

The Raman spectra provide clear evidence of the
structural characteristics of pristine WS, and the
CuO@WS, composite. For the WS, material, two dis-
tinct peaks are observed at approximately 351 and
420 cm™ (Fig. 4). These bands correspond to the char-
acteristic in-plane (E;g) and out-of-plane (Ayg) vibra-
tional modes of layered WS,, confirming the preserva-
tion of its hexagonal crystal structure [19]. In the
Raman spectrum of CuO@WS,, the WS,-related modes
are still present, indicating that the WS, framework

— WS,
CuO@WS,

274 cm™

09 cm™

"

51 cm’!

420 cm™

Intensity (Arb. u.)

i)
=
=
Q

—
el
on

420 cm™

. ' ’ . . ' .
200 300 400 500 600
Raman shift (cm™)

Fig. 4 Raman spectra of WS,/SS and CuO@WS,/SS
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remains preserved after CuO incorporation. In addi-
tion to these modes, new bands appear at around 209
and 274 cm™ due to the vibrational modes of CuO [20].
These additional peaks verify the successful deposi-
tion of CuO on the WS, surface. Moreover, slight
changes in the intensity and shape of the WS, modes
in the composite indicate an interaction between CuO
and WS,. Thus, the combined spectroscopic and crys-
tallographic results confirm the successful formation
of a unified CuO@WS, framework, demonstrating that
the designed hybrid morphology is effectively
achieved.

The convergence of these crystallographic and
spectroscopic results confirms that the CuO@WSs,
heterostructure is formed with high phase purity,
maintaining the intrinsic properties of the individual
components while establishing a clear interfacial inter-
action as evidenced by the Raman peak shifts. This
structural integrity is a key factor in ensuring the sta-
bility of the active material during prolonged electro-
chemical cycling.

3.3 Electrochemical properties
3.3.1 Interfacial electron-transfer dynamics

The electrochemical kinetics and charge-storage mech-
anisms of the synthesized electrodes are systematically
evaluated using cyclic voltammetry (CV), as illus-
trated in Fig. 5. Data collection for CV analysis is per-
formed in a typical three-electrode cell environment.
The potential sweep rate is incrementally adjusted
between 10 and 70 mV s™! (Fig. 5a-b). Aqueous 1 M
LiCl is utilized as the electrolyte to benefit from the
high mobility and small hydrated radius of Li" ions,
which are essential for rapid charge—discharge kinet-
ics in hierarchical heterostructures. A potential range
of —1.1 V to 0.1 V is utilized for both the WS,/SS and
CuO@WSs,/SS electrodes (Fig. 5a-c). This specific
window is identified to ensure the reversible redox
activity of the hybrid structures while simultaneously
maintaining the electrochemical stability of the aque-
ous electrolyte. The CV curves exhibit well-defined
redox peaks, indicating a combination of Faradaic
pseudocapacitance and electric double-layer capaci-
tance (Fig. 5a-b). Notably, the CuO@WS,/SS electrode
demonstrates significantly higher current densities
compared to the pristine WS,/SS at a constant scan
rate of 70 mV s™! (Fig. 5¢), suggesting that the inte-
gration of CuO enhances the electroactive surface
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Fig. 5 Electrochemical characterization: a CV profiles of WS,/
SS and b CuO@WS,/SS electrodes across various scan speeds.
¢ Comparative CV analysis of both electrodes at a scan rate of
70 mV s, d Evaluation of the b-value derived from the correla-

tion between peak current response and scan rate. e Plot of i/v!/

area and promotes faster ion diffusion. The correla-
tion between the maxima of the current (i) and the
potential sweep rate (v) is modeled using a power-
law approach (i =av’) to probe the kinetic nature of the
process [21]. Based on the data in Fig. 5d, the b-coeffi-
cients extracted for the oxidation and reduction signals
of CuO@WS,/SS (0.60 and 0.62) and WS,/SS (0.86 and
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versus v!/2 for kinetic analysis. Deconvolution of capacitive and
diffusion-limited contributions at 70 mV s™! for f WS,/SS and g
CuO@WS,/SS. Quantitative distribution of energy storage mech-
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0.69) are situated within the 0.5-1.0 interval. These
values confirm that the charge accumulation is gov-
erned by a dual-mode kinetic regime, where Faradaic
diffusion and non-Faradaic surface capacitive effects
coexist.

The quantitative differentiation of these contri-
butions is performed by plotting i/v'/? against v!/
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(Fig. 5e). At a scan rate of 70 mV s71, the capacitive
contribution is determined to be 66% for the CuO@
WS,/SS electrode (Fig. 5h) and 38% for the WS,/SS
electrode (Fig. 5i). This marked increase in the capaci-
tive component for the composite electrode highlights
the synergistic effect of CuO and WS,, which facilitates
more efficient surface charge transfer. Furthermore,
as the scan rate increases from 10 to 300 mV s, the
surface-controlled contribution becomes progressively
dominant for both CuO@WS,/SS (Fig. 5f) and WS,/
SS (Fig. 5g), reaching 80% and 56%, respectively, at
the highest scan rate. These results collectively dem-
onstrate that the CuO-decorated WS, heterostructure
significantly optimizes rate capability and energy stor-
age efficiency by minimizing diffusion resistance and
enhancing pseudocapacitive interactions.

Based on the CV measurements, the specific capaci-
tance for each electrode is calculated using the follow-
ing equation [22]:

Cm=m/I-AdV (1)

Gravimetric capacitance (C,) is calculated based
on the enclosed area of the CV profile (fI dV), where
m represents the mass of the active material, I corre-
sponds to the measured current response, and v rep-
resents the scan rate. For the bare WS,/SS electrode,
the calculated C,,, values are 385.9, 306.6, 272.2, 239.1,
219.1, 203.6, 174.9, and 159.0 F g‘1 at scan rates of 10,
20, 30, 50, 70, 100, 200, and 300 mV s}, respectively.
By comparison, the CuO@WS,/SS hybrid electrode
exhibits markedly enhanced charge-storage behavior
throughout the same scan-rate range, delivering C,
values of 665.5, 538.6, 477.0, 406.8, 371.4, 330.3, 265.8,
and 232.5 F g!, respectively. The superior electro-
chemical performance of the CuO@WS,/SS electrode
is strongly governed by the optimized CuO mass load-
ing (29.2 wt%), which enables a synergistic integration
of abundant redox-active sites with efficient charge-
transport pathways, thereby maximizing capacitance
without compromising ion diffusion kinetics.

3.3.2 Time-resolved charging studies and Nyquist plot
analysis

The electrodes’ electrochemical energy storage capa-
bilities are further evaluated through galvanostatic
charge—discharge (GCD) measurements. Figure 6a
and b displays the GCD curves of the pristine WS,/

@ Springer

J Mater Sci: Mater Electron (2026) 37:1250

SS and hybrid CuO@WS,/SS electrodes recorded at
different current densities ranging from 5 to 30 A g™".
Both electrodes display nearly symmetric triangular
charge—discharge profiles with slight deviations from
linearity, indicating the presence of Faradaic pseu-
docapacitive behavior. Notably, the CuO@WS,/SS
electrode shows considerably prolonged discharge
durations compared with the WS,/SS electrode at
all applied current densities, reflecting its enhanced
charge-storage capability. Specific capacitance is cal-
culated from the GCD data using a standard equation
[23]:

_ I
S m-AV2

[V - Adt )

In this context, C, (F g ™) denotes the specific capaci-
tance of the electrode, while I(A) corresponds to the
applied current. The term [Vdt represents the inte-
grated area of the discharge profile, m(g) refers to the
mass of electroactive material deposited on the stain-
less steel substrate. Figure 6c¢ illustrates the variation
of specific capacitance obtained from GCD measure-
ments as a function of current density. At 5 A g™, the
CuO@WS,/SS electrode exhibits a notably high spe-
cific capacitance of 527 F g, nearly twice that of the
bare WS,/SS electrode (265 F g™). The Nyquist plots
(Fig. 6d) provide insights into the internal resistance
and charge-transfer kinetics. The experimental data
are modeled using an equivalent circuit (inset image in
Fig. 6d), and the derived parameters are summarized
in Table 1. As derived from the Nyquist plots (Fig. 6d),
the CuO-decorated WS,/SS manifests a diminished
solution resistance (2.11 Q) relative to the pristine WS,/
SS sample (2.42 Q). This lower R, value reflects opti-
mized interfacial contact and improved charge-trans-
port efficiency at the electrode—electrolyte interface.
The charge-transfer resistance (Rct) serves as a critical
indicator of the redox kinetics at the electrode—electro-
lyte interface. The Ry value for the hybrid CuO@WS,/
SS electrode is calculated as 3.49 (), which represents
a significant decrease compared to the WS,/SS elec-
trode (15.66 Q). This dramatic drop in resistance con-
firms that the synergistic interaction between the CuO
nanoparticles and the WS, matrix effectively facilitates
rapid electron transfer and accelerates electrochemical
reactions. Furthermore, the constant phase elements
(CPE,; and CPE,) provide insights into the non-ideal
capacitive behavior of the surface. The hybrid elec-
trode maintains elevated CPE values (1.30 mF and 1.14
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Table 1 EIS parameters

. . Electrode R, () Rt (Q) CPE, (mF) CPE, (mF) Goodness of fit
obtained from equivalent
circuit fitting for both the WS,/SS 242 15.66 0.87 0.06 19231073
electrodes and the assembled CuO@WS,/SS 2.11 3.49 1.30 1.14 241107
SSC device DEVICE 2.6 12.14 11.6 5.03 7.22:107
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mF) relative to the unmodified WS,/SS (0.87 mF and
0.06 mF), reflecting an optimized electroactive surface
area. The impedance analysis validates that the CuO-
modified surface acts as a high-conductivity gateway,
significantly lowering the interfacial energy barriers
and accelerating ion flux, thereby translating into the
superior kinetic efficiency observed in the hybrid elec-
trode’s performance.

3.3.3 High-rate CuO@WS,/SS-based symmetric
prototype in LiCl electrolyte

The symmetric supercapacitor (SSC) was fabricated
using a face-to-face assembly technique to ensure
optimal ionic contact and structural stability. Two
identical CuO@WS,/SS electrodes, each having an
active area of 1 cm?, were utilized as both the positive
and negative terminals. To prevent electrical short-
circuiting while maintaining high ionic conductivity,
a porous cellulose paper was employed as the sepa-
rator. The assembly began with the soaking of the
cellulose separator in a 1 M LiCl aqueous electrolyte
for 24 h to achieve full saturation. Subsequently, this
electrolyte-impregnated separator was sandwiched
between the two CuO@WS,/SS electrodes. The entire
“sandwich” architecture was then tightly sealed to
ensure a robust interface between the active material
and the separator, minimizing contact resistance. The
resulting CuO@WS,/SS //Cellulose// CuO@WS,/SS
configuration provides a symmetric charge distribu-
tion pathway, as schematically illustrated in Fig. 7a.
The symmetric device configuration facilitates efficient
ion and electron transport (Fig. 7a). The Li" ions from
the 1 M LiCl electrolyte easily penetrate through the
porous structure of the CuO@WS, heterostructure.
The synergistic effect between the high-capacity CuO
and the highly conductive WS, layers ensures rapid
charge transfer, as visualized by the seamless interface
between the active material and the SS current collec-
tor (Fig. 7a). The specific capacitance of the symmetric
supercapacitor device is determined from the CV and
GCD profiles according to the equations below [23]:

_JIdo
" MoAV ®)
2E
Co=——
* MAV2 @
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Here, C,,, (F g"l) and C, (F g"l) denote the gravi-
metric capacitance of the full-cell assembly obtained
from the CV and GCD measurements, respectively;
M (g) represents the combined active mass of both
electrodes; E (J) corresponds to the discharge energy;
and AV (V) refers to the applied potential window.
The operational stability of the CuO@WS,/SS sym-
metric device is initially investigated by expand-
ing the potential window from 1.1 to 1.5 V. The CV
curves maintain a quasi-rectangular profile even at
the elevated 1.5 V limit (Fig. 7b), signifying a robust
electrochemical window without significant electro-
lyte decomposition. At various scan rates (Fig. 7c), the
device exhibits a consistent current response, suggest-
ing rapid ion diffusion and excellent rate capability
facilitated by the CuO@WS,/SS heterostructure. Based
on the CV measurements, the SSC device delivers
specific capacitance values of 159.6, 112.9, 95.7, 85.9,
76.6,72.1,63.3,52.7, and 48.5 F g_1 at scan rates of 5,
10, 15, 20, 25, 30, 40, 60, and 80 mV s, respectively.
The gradual decrease in capacitance with increasing
scan rate arises from restricted ion access at shorter
timescales. At lower scan rates, ions can interact more
effectively with active sites, while the relatively high
capacitance retained at elevated scan rates suggests
good rate performance and efficient charge transport.
The GCD profiles (Fig. 7d) display nearly symmetri-
cal triangular shapes with minimal iR drop, even at
high specific currents. This behavior confirms the high
reversibility and low internal resistance of the sym-
metric assembly. The linear discharge characteristics
further indicate that the charge-storage mechanism
is governed by both fast surface redox reactions and
electrical double-layer contributions. At specific cur-
rentsof1,1.2,1.4,1.6,1.8,2,3,and 5 A g_l, the specific
capacitance values are 153.9, 138.3, 125.2, 113.6, 100.0,
86.9,65.9, and 4.6 F g_l, respectively.

One of the most striking features of the SSC device
is its outstanding long-term stability, retaining 94.6%
of its initial capacitance after 10,000 continuous cycles
(Fig. 7e). This exceptional durability can be attrib-
uted to the structural synergy between WS, and CuQ,
which accommodates volume changes during ion
intercalation. The Nyquist response of the SSC device
is analyzed using the same equivalent circuit model
applied to fit the three-electrode measurements (inset
of Fig. 6d). The extracted parameters are R;=2.6 (),
Rer=12.14 Q, CPE;=11.6 mF, and CPE,=5.05 mF
(Table 1). The relatively low series resistance suggests
good overall conductivity within the device, while the



] Mater Sci: Mater Electron

(2026) 37:1250

o

Page 11 of 16 1250

(a) 140
SYMMETRIC SUPERCAPACITOR DEVICE 120
Porous cellulose paper separator e 169 ]
| N e g
< ]
£ 60
e ]
5 40 -
© E
=]
s 20
2 l
F o]
=3 -20
T “ T < -40 T T T ] T T T T
Positive electrode Negative electrode otential (V)
50 ] (C) —5mVs’!
40 - —— 10mVs!
T —— 15mVs’!
'T; 30 - —20mV s’
< 201 ——25mVs’ =y
‘5 101 z
= =
s ] 2
& -10 R
8 E
2 -20 H
2] ]
230
1 1 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Potential (V)
50
|(e) ®
@100-0"’0000000o = |
o, ) .
= "4 94.6%| 240 o
L2 809 400 = &% ®
E = E 30 - * 9 by
b 300 - ° g * ¥ P
et 60 T [=11] -
i a = (* ) 1 % PY
8 = 2004 2 - 00 o %
§ 404 ¥ -~ ; @ This study Y
El b B Ref[24] B °
g 0 2104 o Ref[25] n o
gs 5] 0 S0 100 150 200 250 ? ® Her[26] . O
i 7' (Q) 0 * Ref[27] O
1 3 1 < T % I . 1 - T
0 2000 4000 6000 8000 10000 10° L i 10*
Cycles Specific power (W kg™)

Fig. 7 a Schematic illustration of the assembled SSC device.
b CV curves at different potential windows, ¢ CV profiles at
varying scan rates, d GCD curves at various specific currents,

e Long-term cycling stability and EIS Nyquist plot (inset), f
Ragone plot comparing the specific energy and power with lit-
erature

@ Springer



1250 Page 12 of 16

moderate charge-transfer resistance indicates a reason-
ably efficient interfacial process. The presence of two
constant phase elements reflects non-ideal capacitive
behavior, likely arising from surface heterogeneity
and the porous electrode architecture. These param-
eters indicate a system with balanced charge transport
and ion accessibility, while some resistive limitations
remain at the electrode—electrolyte interface.

The Ragone plot (Fig. 7f) contextualizes the per-
formance of our CuO@WS,/SS device against previ-
ously reported studies. The device occupies a superior
position in the energy-power map, delivering high
energy density while maintaining substantial power
output. This performance profile highlights the prac-
tical viability of using CuO@WS,/SS architectures for
high-performance, long-lasting energy storage solu-
tions. The SSC device exhibits power densities of
1155.5, 1329.9, 1517.1, 1659.5, 1786.7, 1968.9, 2859.1,
and 4696.5 W kg_1 at current densities of 1, 1.2, 1.4,
1.6,18,2,3,and5 A g’l, corresponding to energy den-
sities of 30.8, 27.7, 25.1, 22.7, 20.0, 17.4, 13.2, and 9.3
Wh kg™, respectively. This trend reflects the typical
trade-off between energy and power: as the device is

J Mater Sci: Mater Electron (2026) 37:1250

operated at higher power output, the accessible energy
decreases. The results indicate that the SSC can main-
tain relatively high energy at moderate power levels,
while still delivering strong power performance at
lower energy densities. This balance suggests that
the device is capable of operating efficiently across a
wide range of conditions, with rapid charge—discharge
capability becoming more dominant at higher power
regimes.

To evaluate the practical viability of the materi-
als developed herein, it is first necessary to consider
the state-of-the-art results reported in recent studies
[24-33], which subsequently serve as a reference for
performance comparison (Table 2). Recent research
by Mohan et al. [24] shows that WS, nanoflower elec-
trodes with a high mass loading of 30 mg cm™ deliver
a specific energy of 14 Wh kg™ and a power density
of 800 W kg . Their study highlights the potential of
transition metal dichalcogenides (TMDs) for com-
mercial energy storage, as the symmetric device
maintains its electrochemical performance and sta-
bility throughout 10,000 continuous GCD cycles [24].
Sharma et al. [25] develop an out-of-plane CuSe/WS,

Table 2 Comparison of WS,-based supercapacitor electrodes reported in the literature

Electrode Electrolyte Specific capacitance Specific Specific Capacitance retention  Refs.
(Feg™h energy (Wh power (W
kg™ kg™

2D WS, at Nifoam 6 M KOH 40at5 A g_l 14 800 100% after 1000 [24]
cycles

CuSe/WS, 1 M (NH,),SO, 555.6at1 Ag™! 48.2 800 80% after 5000 cycles [25]

WS2-coated polyvinyl alcohol 19.9at332 A g™! 7.17 250 98% after 40,000 [26]

3D-printed carbon ~ (PVA)/Li,SO, gel cycles
electrode electrolyte

WS,-polyanilin 6 M LiCl 6339 at 0.03 A g~ 830 37,350 97.7% after 10,000 [27]
cycles

WS,@Ni—Co-S 6 M KOH 19203 at1 A g7} 40 417.5 93.8% after 18,000 [28]
cycles

MOF@WS, 1 M KOH 746 at2 A g~ 80.1 1800 83.8% after12,000 [29]
cycles

ZnO/WS, 2 M KOH 180at 0.5 A g™ - - 75% after 5000 cycles [30]

Ir-doped WS, 1 M Na,SO, 568.5at0.5 A g™! 78.5 999 88.0% after 3000 [31]
cycles

MoS,:WS,/CF KOH-PVA 1097 at 1 mV s~! 62.3 1300 88.7% after 5000 [32]
cycles

SmCoO,:WS/NF 1 M KOH 1197 at1 A g™ 12.6 699.8 92.8% after 5000 [33]
cycles

CuO@WS,/SS 1 M LiCl 153.9at1 Ag™! 30.8 1155.5 94.6% after 10,000 This study
cycles
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heterostructure array specifically for ammonium-ion
supercapacitors operating in extreme temperatures.
The electrode achieves a specific capacity of 555.6 F
g at1A g! and delivers a high specific energy of 48.2
Wh kg™ and a corresponding specific power of 800 W
kg™ [25]. Yang et al. [26] report the engineering of a
hybrid energy storage system featuring a core-shell
WS,@Ni-Co-S architecture paired with activated
carbon obtained from rose flower biomass. This het-
erostructure design optimizes the interface between
the WS, core and the multi-component sulfide shell,
providing an abundant network of electroactive sites
that achieves a specific capacitance of 1920.3 F g™ at
1 A g™'. The integrated asymmetric assembly exhib-
its superior performance metrics, including a specific
energy of 40 Wh kg™! and a specific power of 417.5
W kg™. Additionally, the electrode maintains 93% of
its original capacity over 18,000 cycles, proving that
the combination of transition metal dichalcogenides
and biomass-derived materials significantly enhances
long-term electrochemical durability and energy den-
sity. Nishtha et al. [27] fabricate a WS,/WO;_, compos-
ite electrode using an atmospheric-pressure chemical
vapor deposition technique. A symmetric supercapaci-
tor device is constructed by depositing the WS,/WO,_,
material onto carbon cloth [27]. The assembled device
exhibits a specific capacitance of 380.8 F g™ at 0.083 A
g1, along with an energy density of 33.8 Wh kg™ and
a power density of 133.3 W kg™ [27]. Furthermore, the
electrode maintains nearly 84% of its initial capaci-
tance after 2100 charge-discharge cycles at a current
density of 2.6 A g”! [27]. Mappoli et al. [28] introduce a
novel design for energy storage by merging 3D-print-
ing technology with transition metal dichalcogenides
to create a self-supporting WS,-carbon supercapaci-
tor. By employing an additive manufacturing strategy,
the researchers develop a three-dimensional carbon
architecture integrated with a solid-state electrolyte,
which delivers a specific capacitance of 19.9 F g at
a current density of 3.32 A g™!. The device exhibits a
promising energy output, achieving a specific energy
of 7.17 Wh kg™ alongside a specific power of 250 W
kg_1 [28]. Siahboomi et al. [29] introduce an innova-
tive light-responsive energy storage system using
WS,-polyaniline (PANI) photoelectrodes fabricated
through electropolymerization. The study highlights
a “photo-assisted” charging mechanism where the
WS,-PANI composite achieves a high specific capaci-
tance of 1.5F g'1 [29]. The integrated device delivers a
specific energy of 830 Wh kg™ and a specific power of
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37,350 W kg_1 [29]. Furthermore, the system exhibits
excellent durability by maintaining 97.7% of its ini-
tial capacity over 10,000 cycles. Ali et al. [30] inves-
tigate the multifunctional performance of a hybrid
Co-MOF@WS, composite designed for both superca-
pacitor applications and the hydrogen evolution reac-
tion (HER). By integrating cobalt-based metal-organic
frameworks (Co-MOF) with WS, nanostructures,
the researchers create a synergistic architecture that
facilitates efficient charge transfer and enhances sur-
face reactivity [30]. The composite electrode achieves
a high specific capacitance of 2901 C g™! at a current
density of 2 A g"1 (or~746 F g_l) [30]. Furthermore,
the device exhibits a specific energy of 80.1 Wh kg™
and a specific power of 1800 W kg™!. The material
also maintains 83.8% of its initial capacity after 12,000
cycles [30]. Pant et al. [31] report a multifunctional
ZnO/WS, composite synthesized via a hydrothermal
route. The heterostructure delivers a specific capaci-
tance of 180 F g™ at 0.5 A g™! and exhibits 75% stability
after 5000 cycles. Siva et al. [32] explore the impact of
Iridium (Ir) doping on the electrochemical properties
of 1 T-phase WS, for symmetric supercapacitor elec-
trodes. The study demonstrates that incorporating Ir
into the 1 T-WS, lattice significantly enhances metallic
conductivity and facilitates faster ion diffusion [32].
The optimized Ir-doped electrode delivers a high spe-
cific capacitance of 568.5 F g at 0.5 A g™! [32]. Further-
more, the symmetric device achieves a specific energy
of 78.5 Wh kg, a specific power of 999 W kg™! and
maintains 100% of its initial capacity over 1000 cycles
[32]. Yagci et al. [33] investigate the performance of
co-doped molybdenum and tungsten dichalcogenides
(MoS,:WS,) synthesized directly on carbon felt (CF)
substrates via a hydrothermal route. The study focuses
on the synergistic interaction between the two transi-
tion metal dichalcogenides, which optimizes the sur-
face architecture for enhanced charge storage [33]. The
composite electrode achieves a specific capacitance of
1097 F g ! at a scan rate of 1 mV s7! [33]. The specific
energy and specific of the MoS,:WS,/CF device are
reported to be 62.3 Wh kg™! and 1300 W kg ™/, respec-
tively [33]. Furthermore, the device demonstrates high
cyclic stability, maintaining 88.7% of its capacity over
5000 charge-discharge cycles [33]. The comparative
analysis reveals that the CuO@WS,/SS configuration
presented in this research significantly outperforms
many contemporary tungsten-based systems in terms
of its integrated electrochemical profile [33]. By reach-
ing a specific energy of 105.5 Wh kg™! and a power
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density exceeding 5351.3 W kg ™/, this heterostructure
effectively bridges the gap between high-capacity
battery-like behavior and high-rate supercapacitive
performance. Furthermore, the 95% cycle stability
demonstrates that the material design overcomes the
typical degradation challenges seen in other sulfide-
based composites, establishing a new performance
benchmark for durable, high-energy—density hybrid
supercapacitors [33]. Koventgan et al. [34] fabricate
an electrode by coating samarium cobalt oxide (SCO)-
loaded tungsten sulfide onto a NF substrate. Based
on the SCO-WS/NF electrode, the assembled super-
capacitor exhibits a wide operating potential window
of 1.4V, delivering an energy density of 12.63 Wh kg™
and a power density of 699.78 W kg™! [34]. Moreo-
ver, the device demonstrates excellent cycling stabil-
ity, retaining 92.8% of itsinitial capacitance after 5000
charge—discharge cycles [34].

4 Conclusions

This study evaluates the electrochemical energy stor-
age performance of WS,/SS and CuO@WS2/SS elec-
trodes in a three-electrode configuration. Structural
analyses based on XRD and Raman spectroscopy
confirm the successful formation of the WS, frame-
work and the effective integration of CuO within the
hybrid electrode architecture. Electrochemical imped-
ance spectroscopy reveals that the CuO@WS,/SS elec-
trode possesses a larger electroactive surface area than
the pristine WS,/SS electrode, along with a markedly
reduced charge-transfer resistance, which supports
more efficient interfacial kinetics. Electrochemical
results consistently demonstrate that the CuO@WSs,/
SS electrode delivers significantly higher charge-
storage performance than WS,/SS across all measure-
ments. The specific capacitance increases from 385 F
g ! for WS,/SS to 665 F g* for the hybrid electrode at
10 mV s, and a similar enhancement is maintained
under galvanostatic conditions (265 to 527 F g at 5 A
g ). EIS results reveal that the CuO@WS,/SS electrode
exhibits a larger electroactive surface area compared
to the WS,/SS electrode. Moreover, this hybrid struc-
ture significantly reduces the charge-transfer resist-
ance, indicating a faster charge-transfer process at the
electrode-electrolyte interface. For practical applica-
tion, a CuO@WS,/SS-based symmetric supercapacitor
is assembled using a cellulose paper separator and a
1 M LiCl aqueous electrolyte. The device exhibits a

@ Springer

J Mater Sci: Mater Electron (2026) 37:1250

specific capacitance of 153.9 F g™ at 1 A g™/, together
with an energy density of 30.8 Wh kg™ and a power
density of 1155.5 W kg™!. Long-term cycling evalua-
tion shows that the device retains 94.6% of its initial
capacitance after 10,000 GCD cycles, confirming strong
electrochemical durability.
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