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1 Introduction

Electrochemical analysis of flexible symmetric
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electrodes under different pH conditions+
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2 and

A key focus of this research is to investigate the influence of electrolyte pH on the supercapacitive per-
formance of a flexible symmetric supercapacitor (SS) based on WSe,@graphite composite electrodes. To
represent distinct pH environments, three aqueous electrolytes, namely H,SO4 (acidic), NaOH (basic), and
Na,SO4 (neutral), were selected. A range of standard characterization methods, including X-ray diffraction
(XRD), field emission scanning electron microscopy (FE-SEM), X-ray photoelectron spectroscopy (XPS),
atomic force microscopy (AFM), and energy-dispersive X-ray spectroscopy (EDX), were employed to vali-
date the successful fabrication and integrity of the supercapacitive electrode. Electrochemical perform-
ance was evaluated through cyclic voltammetry (CV), galvanostatic charge—discharge (GCD) and electro-
chemical impedance spectroscopy (EIS), elucidating the charge storage behaviour of the device at
different pH levels. As a result, the fabricated SS device exhibited an impressive electrochemical potential
window of 2 V (0 to +2 V) across all electrolytic systems, demonstrating excellent operational stability and
pH adaptability. Among the tested electrolytes, the acidic H,SO,4 electrolyte demonstrated the highest
performance, achieving a high areal capacitance of 123.73 mF cm™ and an energy density of 68.73 uWh
cm™ at a current density of 1 mA cm™2. Furthermore, the device demonstrated reliable cycling stability,
retaining approximately 78.69% of its initial capacitance after 5000 consecutive GCD cycles. These results
highlight the critical role of electrolyte pH in tailoring supercapacitor performance and provide valuable
insights into the design of high-performance, flexible symmetric supercapacitors through strategic elec-
trolyte selection.

impact on the effectiveness of supercapacitors.® Transition
metal dichalcogenides (TMDCs) have emerged as promising

The demand for advanced energy storage systems has
increased significantly in recent years, driven by the rapid
advancement of renewable energy technologies, electric
vehicles, and portable electronics."> Among the diverse range
of energy storage systems, supercapacitors have garnered sig-
nificant interest from researchers because of their ability to
merge the best advantageous characteristics of both batteries
and conventional capacitors, resulting in high power density,
rapid charge-discharge rates, and long cycle life.>” However,
the selection of a suitable electrode material has a substantial
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electrode materials due to their unique layered structure,
tunable electrical properties, superior electrochemical stability,
and cost-effectiveness.’®"® Among the various TMDCs, tung-
sten diselenide (WSe,) has demonstrated encouraging per-
formance in energy storage applications.’*® WSe, is a semi-
conducting material with a two-dimensional layered structure
stacked together by weak van der Waals interactions, like gra-
phene, and can be easily exfoliated mechanically into thin
sheets. These ultra-thin films are perfect for use as electrode
materials in high-performance supercapacitors, as their enor-
mous surface area contributes to a very high theoretical capaci-
tance and improved electrochemical performance.'”"'8
However, their relatively low electrical conductivity and limited
cycling stability pose challenges that hinder their practical
implementation in supercapacitors.’® To overcome these limit-
ations, researchers have explored composite materials that
integrate WSe, with highly conductive substrates. Among
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them, one of the promising composites is WSe,@graphite,
which consists of a WSe, thin film deposited over the graphite
substrate. Graphite, renowned for its excellent electrical and
thermal conductivity, mechanical robustness, and chemical
stability, provides a conductive framework that enhances
charge transport and mechanical stability. The composites
formed by the thin layer of WSe, over graphite benefit from
the synergistic properties of both materials. This combination
not only enhances the overall conductivity of the electrode but
also increases the electroactive surface area, thereby facilitat-
ing more efficient charge storage and accelerating ion trans-
port. This result leads to increased capacitance and cycling
stability compared to the individual components, making it a
promising candidate for use in high-performance super-
capacitors. Furthermore, the flexibility of graphite sheets plays
a crucial role in the mechanical stability of the composite,
thereby enhancing its performance under mechanical stress.
This characteristic makes it ideal for application in contempor-
ary flexible and wearable energy storage devices, which are
becoming increasingly important in portable electronics and
smart technologies.”>*' The integration of the characteristics
of these two composite materials, including the high surface
area, adjustable band gap, and the relative abundance of
WSe,, combined with the flexibility, mechanical strength, and
outstanding in-plane electrical conductivity of the graphite
substrate, enables the development of electrodes that are both
efficient and versatile for different form factors and operating
conditions.**??

Building on prior studies, this work presents a significant
advancement in WSe,@graphite supercapacitor electrodes
through the optimization of the sputtering process to engineer
a highly porous nano-cauliflower morphology.****> This tai-
lored nanostructure offers several advantages, including a sub-
stantially increased electrochemically active surface area for
enhanced charge storage, optimized ion diffusion pathways for
improved electrolyte accessibility, and superior charge transfer
kinetics. As a result, the areal capacitance of the fabricated
devices exhibits a nearly sevenfold (7x) enhancement com-
pared to previously reported WSe,@graphite thin films at the
same scan rate.>* These findings underscore the critical role of
morphology engineering in dictating electrochemical perform-
ance and provide valuable insights into the rational design of
advanced electrode architectures for  high-efficiency
supercapacitors.

While extensive research has been conducted on optimizing
electrode materials, comparatively less emphasis has been
placed on understanding the role of electrolytes in determin-
ing supercapacitor performance. The importance of electro-
lytes has been largely ignored, even though significant
advancements have been made in enhancing energy density
with novel electrode materials.”® Electrolytes enable ion move-
ment at the electrode-electrolyte interface, which directly
influences the overall performance of the device, highlighting
their vital role in supercapacitors. In the realm of electro-
chemical supercapacitor electrolytes, a diverse array of options
has been investigated, including aqueous, organic, ionic
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liquids, redox-type, and solid or semi-solid electrolytes,
leading to significant advancements over the past several
decades.>’”?° The selection of appropriate electrolytes is con-
tingent upon the size and mobility of ions within the electrode
material; these characteristics subsequently affect the specific
capacitance and energy density of the supercapacitor. An ideal
electrolyte for energy storage systems typically demonstrates a
wide potential window, elevated ionic conductivity, and robust
chemical and electrochemical stability. It should remain non-
reactive with the system components, such as electrodes,
current collectors, and packaging, while ensuring compatibil-
ity with the electrode materials. Additionally, an extensive
operating temperature range, minimal volatility, and decreased
flammability are crucial for ensuring safety and adaptability.
Furthermore, the electrolyte must be sustainable and economi-
cally viable.?** Meeting all these criteria in a single electro-
Iyte presents significant challenges, prompting in-depth
investigations to enhance their performance and improve their
integration into energy storage systems. The selection of elec-
trolytes impacts the operating voltage window, ionic conduc-
tivity, and electrochemical stability, all of which are essential
for optimizing energy density. Recent investigations indicate
that various electrolyte characteristics, alongside electrode
materials, can greatly influence the energy storage capacity of
supercapacitors. To fully realize the potential of supercapacitor
technology, it is essential to develop a comprehensive under-
standing of the interactions between electrolytes and electrode
materials, especially in diverse environments.

The novelty of this work lies in the comprehensive investi-
gation of the electrochemical performance of WSe,@graphite-
based supercapacitors in the presence of different aqueous
electrolytes, specifically H,SO,, NaOH, and Na,SO,. This study
systematically explores the influence of electrolyte pH on the
capacitive behavior of WSe,@graphite thin film electrodes,
providing new insights into the interaction between the elec-
trode material and the electrochemical environment. A key
aspect of novelty is the evaluation of how different electrolyte
environments, ranging from acidic to basic to neutral, affect
the ionic transport dynamics, electrochemical stability, and
charge storage mechanisms of WSe,@graphite electrodes.
This study not only elucidates the fundamental electro-
chemical properties of this composite material but also
demonstrates how electrolyte selection can significantly modu-
late its performance in terms of specific capacitance, energy
density, and cycling stability. By examining the effects of
varying pH conditions, this work provides a deeper under-
standing of the interfacial phenomena occurring at the elec-
trode—-electrolyte interface, which is critical for optimizing the
electrochemical performance of supercapacitors. Furthermore,
this research highlights the potential of WSe,@graphite as an
electrode material that can operate effectively across a range of
electrolyte compositions, showcasing its adaptability for
different energy storage applications. The findings contribute
to the broader field of energy storage by offering valuable
insights into the synergistic effects of material properties and
electrolyte chemistry, paving the way for the rational design of
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next-generation supercapacitors with enhanced performance.
By emphasizing the often-overlooked role of electrolytes, this
study provides a more holistic approach towards the develop-
ment of high-performance supercapacitors, bridging the
knowledge gap between electrode material innovation and
electrolyte optimization.

2 Experimental section
2.1 Materials and chemicals used

For this study, we utilized a circular target composed of tung-
sten diselenide (WSe,) with a diameter of 6 cm and a thickness
of 5 mm, along with highly flexible graphite sheets with
0.2 mm thickness and an area of 1 cm® as the substrate. The
target material was purchased from Testbourne Ltd, UK, while
the substrate was procured from UC Enterprises, India. High-
purity chemicals used for electrochemical analysis such as
hydrogen sulfate (H,SO,), sodium sulfate (Na,SO,), and
sodium hydroxide (NaOH) were obtained from HiMedia
Laboratories Pvt. Ltd, India. Argon gas required for the sputter-
ing process was supplied by Sigma Gases, India. The installa-
tion of the sputtering system was carried out by Excel
Instruments, India.

2.2 Thin film fabrication

The deposition of WSe, thin films onto the graphite substrate
was carried out using the DC sputtering technique (Fig. 1), as
detailed in our recent publication.?” The optimized parameters
and conditions for the sputtering deposition are provided in
Table S1,t which are essential for achieving the desired film
characteristics and performance.

The deposition of the WSe, thin film as an electrode
material onto a graphite substrate was successfully conducted
using a controlled DC sputtering process. The plasma-based
deposition was performed at a power setting of 75 W in a high-
vacuum environment, maintaining a base pressure of 3 x 107°
Torr for 25 minutes to achieve a desired film thickness suit-

DC Supply
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able for electrochemical analysis. This process involves the
introduction of argon gas at a rate of 20 sccm, maintaining the
operating pressure of the vacuum chamber at 10 mTorr. The
substrate was kept at a temperature of 200 °C and the substrate
and target materials were placed at a distance of 5 cm apart to
ensure the desired morphological growth of the fabricated
thin films. The goal of optimizing these deposition parameters
was to achieve an appropriate balance between film thickness
and quality.

2.3 Characterization

The crystallographic properties i.e., phase, crystal structure,
lattice parameters, and crystallite size of the fabricated thin
film were determined using an X-ray diffractometer (Bruker
AXS, D8 Advance). To assess the chemical state and relative
abundance of the different elements present within the de-
posited material, X-ray photoelectron spectroscopy (XPS) was
employed, utilizing Physical Electronics PHI 5000 Versa Probe
III equipment. The structural and compositional analyses of
the WSe, thin film were further assessed using transmission
electron microscopy (TEM), high-resolution transmission elec-
tron microscopy (HR-TEM), selected area electron diffraction
(SAED), and energy dispersive X-ray (EDX) spectroscopy with
elemental mapping using a Talos™ F200X Feg TEM instru-
ment. The surface morphology, elemental composition, distri-
bution of elements, and cross-sectional thickness of the sput-
tered thin film were determined with a field emission scan-
ning electron microscope (FE SEM, Carl Zeiss, Zeiss Gemini)
and an energy-dispersive X-ray (EDX) spectrometer, with an
X-ray detector provided by AMETEK. Surface area and porosity
measurements were conducted using a QUANTACHROME
AUTOSORB iQ-x multipoint surface area measurement instru-
ment. The wetting properties (hydrophilicity/hydrophobicity),
surface energy, and surface roughness of the deposited thin
film were determined using the sessile drop method with
contact angle goniometry, employing a Kruss 100 easy drop
contact angle analyzer. The root mean square roughness
(RMS) was characterized using a Bruker Dimension Icon AFM.
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Fig. 1 Schematic representation of the sputtering chamber used for the deposition of the WSe; thin film over the graphite substrate.
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Furthermore, the electrochemical performances including
capacitance, energy density, and power density were deter-
mined using a Metrohm Autolab PGSTAT potentiostat/galvano-
stat electrochemical system.

3 Results and discussion
3.1 Structural and elemental analysis

The successful fabrication of a WSe, thin film on the graphite
substrate was confirmed by X-ray diffraction (XRD) analysis.
The red XRD pattern represents the WSe, thin films deposited
over the graphite substrate, the black XRD pattern corresponds
to the pure WSe, target material used for sputtering purposes,
whereas the blue pattern corresponds to the pristine graphite
substrate, as illustrated in Fig. 2(a). The diffraction peaks
observed at 26 values of 13.6°, 34.4°, and 37.8° indicated by a
pink heart symbol correspond to the (002), (102), and (103)
planes of the WSe, thin film, respectively. The presence of
these peaks characterized by sharp and narrow full widths at
half maximum (FWHMs) indicates that the WSe, films exhibit
high crystallinity. These peaks are consistent with the 2H-type
hexagonal phase of WSe,, aligning with the space group P63/
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mmec, and match well with the JCPDS card no. 00-038-1388 as
shown by the magenta pattern at the bottom of Fig. 2(a).

Additionally, the XRD pattern of WSe,@graphite shows
additional peaks attributable to the underlying graphite sub-
strate, as evidenced by the blue XRD pattern. This distinction
confirms that the observed peaks at the specified 26 values are
characteristic of the WSe, thin films, while the additional
peaks are due to the presence of the graphite substrate.

Fig. 2(b-d) presents the XPS spectra of the WSe,@graphite
thin film electrode. XPS is a surface-sensitive analytical tech-
nique that helps to obtain information about the elemental
composition, chemical state, and electronic environment of
the materials.**** XPS measurements were performed using a
PHI 5000 VersaProbe III (Ulvac-Phi, Inc.) in ultrahigh vacuum
conditions (2 x 1077 Pa) with a monochromatic Al Ka source
(energy = 1.48 keV), a step width of 0.05 eV, and a pass energy
of 55 eV for elemental scans, while the survey spectrum was
acquired with an energy of 280 eV. Both survey and high-
resolution scans were carried out using raster scans, with a
beam diameter of 100 pm and a neutralizer setting of 1.5 V
and 20 pA. The base pressure was 8 x 10~° Pa, and the non-
conductive tape was used as the substrate material. For data
analysis, MultiPak XPS software was used to perform peak
fitting. The Shirley background subtraction method was
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(a) XRD patterns of pristine graphite sheets, pure WSe,, and WSe,@graphite thin films, (b) low resolution survey XPS spectra of the

WSe,@graphite thin film electrode, and high resolution XPS spectra of individual elements: (c) W4f and (d) Se3d.
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applied to remove the broad baseline arising from the inelastic
scattering of photoelectrons. The peaks were assigned based
on the expected binding energies of the elements under inves-
tigation. To facilitate accurate peak assignment, XPS spectra of
pure graphite and pure WSe, (used as the target material) were
acquired as reference spectra. These reference spectra, pre-
sented in Fig. S1,T provide a basis for identifying the elemental
composition and chemical states within the WSe,@graphite
composite, thereby confirming its formation. The peak fitting
process involved using a combination of Gaussian and
Lorentzian functions (Voigt profile) to accurately model the
peak shapes, where Gaussian functions account for instrumen-
tal broadening and Lorentzian functions describe natural
broadening due to the finite lifetime of the photoemission
state. The fitting procedure was iteratively refined using least-
squares fitting algorithms (e.g., Marquardt-Levenberg or
Gauss-Newton) to minimize the difference between experi-
mental data and the fitting model. Overlapping peaks, often
seen in XPS spectra due to close binding energies or multiple
chemical states, were deconvoluted into individual
components.***® To ensure reliability, residuals were checked
for randomness, and the R-squared and Chi-square values
were monitored to confirm an optimal fit. Following deconvo-
lution, the XPS spectra were interpreted to determine the
chemical states, elemental composition, and relative concen-
trations of the components, providing insight into the
material’s chemical bonding, oxidation states, and surface
composition. The low-resolution XPS survey spectra in Fig. 2(b)
confirm the presence of tungsten (W), selenium (Se), carbon
(C), and oxygen (O) elements on the surface of the sputtered
thin film. The latter detection is in smaller quantities, poten-
tially due to the surface oxidation of the material during the
sample preparation. XPS identifies the chemical or oxidation
state of the elements by analyzing shifts in the binding ener-
gies of their core electrons. Different chemical states of the
same element result in distinct shifts in the binding energy of
their core levels.*® Therefore, to accurately determine the
binding energies and chemical states, the C1s peak, a standard
reference at 284.8 eV for carbon atoms in hydrocarbon
environments, was adjusted to standardize the XPS spectra.
This correction ensures precise alignment of subsequent
peaks for other elements, such as W and Se, facilitating accu-
rate analysis of their chemical environments. Fig. 2(c) presents
the high-resolution XPS spectra of W4f showing the doublet
peaks due to spin-orbit coupling, which splits each core level
into two distinct energy levels, namely W 4f;,, the lower
energy peak in the doublet at 32.67 eV, and W 4f;,, the higher
energy peak in the doublet at 34.87 eV. In metallic tungsten,
the W 4f;,, peak is typically around 31.3 eV, and the W 4f;,,
peak is around 33.4 eV. The chemical shift obtained in the W
4f peaks shows that the tungsten is linked to selenium in its
+4 oxidation state, which corresponds to W-Se bonds. The
additional doublet peaks at 38.42 and 36.15 eV are likely due
to the presence of an additional tungsten species or oxidation
state, especially +6 (W-O bonds), which is characteristic of the
WO; phase, likely formed due to oxidation during sample

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper
preparation.*®** However, Fig. 2(d) presents the high-resolu-
tion XPS spectra of Se3d. The deconvoluted spectra of sel-
enium (Se) show a doublet due to spin-orbit coupling, corres-
ponding to Se 3ds,, and Se 3d;,,. The Se 3ds,, peak appears at
a lower binding energy of around 53.2 eV and the Se 3d;/, peak
appears at a higher binding energy of around 54.8 eV.
Additionally, the peak at 54.69 eV corresponds to Se 3ds,, and
is consistent with values typically observed for selenium in a
compound, such as in lower oxidation states of selenium
found in selenium diselenide (Se,) or selenides (Se®”). The
peak at 55.53 eV corresponds to the higher energy of the Se3d
core level, attributed to the spin-orbit coupling.**** The ana-
lysis of chemical bonding and oxidation states of the elements
confirms the arrangement of W and Se in the formation of a
tungsten diselenide (WSe,) thin film.

The structural characteristics of the WSe, thin film were
further analysed using TEM. The WSe, thin film was sputter
deposited onto a copper TEM grid with a 300 mesh for 40
seconds, keeping other parameters the same as those dis-
cussed in Table S1.} Fig. 3(a) and (b) show the TEM images of
WSe, at different scales providing an overview of the WSe, thin
film morphology. The image likely shows a continuous film
with well-defined nanoflakes, indicating successful deposition
and uniform film formation. The contrast variation in the
TEM image reveals the presence of different thickness regions
within the film, with darker areas corresponding to thicker
WSe, regions due to increased electron scattering. The
HR-TEM image of WSe, shown in Fig. 3(c) provides atomic
scale resolution, revealing the crystallinity and lattice fringes
of the WSe, thin film.

The presence of well-defined lattice fringes in the image
confirms the high crystallinity of the deposited WSe,. The
highlighted orange circles in Fig. 3(c) confirm the presence of
lattice fringes in different orientations confirming the pres-
ence of different lattice planes corresponding to (103), (102),
and (002) crystal planes of hexagonal WSe, with measured
interplanar spacings of 0.24 nm, 0.26 nm, and 0.65 nm,
respectively. The (103) plane represents one of the dominant
planes in WSe,, crucial for electronic properties and charge
transport, the (102) plane indicates the stacking nature of
WSe, layers, critical for maintaining stability and interlayer
interactions, whereas the (002) plane corresponds to the c-axis
stacking of WSe, layers, reflecting the weak van der Waals
forces holding them together.*>™*” These observations confirm
that the WSe, thin film maintains a highly ordered crystal
structure, which is essential for optimizing its electronic and
electrochemical performance in various applications. These
obtained HR-TEM results are consistent with the XRD pattern.
Elemental mapping using EDX provides spatial distribution
analysis of tungsten (W) and selenium (Se) within the thin
film. Fig. 3(d) shows the mixed elemental TEM mapping con-
firming an overlay of tungsten and selenium distribution, with
a uniform elemental dispersion across the thin film, confirm-
ing the deposition process resulted in a stoichiometric and
homogeneous film. Fig. 3(e) and (f) show the separate
mapping of W and Se with a uniform distribution, confirming

Nanoscale, 2025,17,16457-16475 | 16461
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Fig. 3 TEM images of WSe; at different magnifications with scale bars of (a) 100 nm and (b) 50 nm. (c) HR-TEM image with the magnified fringes in
inset orange circles corresponding to different lattice planes. (d) Mixed elemental color mapping of the WSe; thin film. Individual elemental color
mapping of (e) W and (f) Se. (g) EDX results. (h) The SAED pattern revealing different planes of WSe,.

the absence of clustering or phase separation. A uniform and
homogeneous elemental distribution is essential for ensuring
uniform charge transport and electrochemical performance,
particularly in energy storage applications. Any inhomogene-
ities could lead to localized resistance variations and perform-
ance inconsistencies. Fig. 3(g) shows the EDX results providing
quantitative confirmation of the elemental composition of the
WSe, thin film. The obtained weight percentage of EDX con-
stituents, W ~ 38.67% and Se ~ 61.33%, confirms the syn-
thesis of WSe, with the stoichiometric atomic percentage of W
and Se close to the expected 1:2 ratio, indicating that the
deposition process successfully maintained the correct stoi-
chiometry. Deviations from this ratio may result in selenium
deficiency (which could lead to structural defects) or tungsten

16462 | Nanoscale, 2025, 17,16457-16475

excess (which might alter electronic properties). Fig. 3(h)
shows the SAED pattern exhibiting various distinct bright
spots in concentric circular rings, indicating the polycrystal-
line nature of the WSe, thin film, which confirms its hexag-
onal structure. The diffraction rings in the SAED pattern have
been assigned to the (102), (103), (106), and (002) lattice
planes, confirming the presence of 2H phases of WSe,, which
is consistent with XRD results. To evaluate the structural uni-
formity of the sputter-deposited WSe,@graphite thin films, a
detailed statistical analysis of crystallite size distribution and
orientation was carried out using high-resolution transmission
electron microscopy (HR-TEM), Image] software, and selected
area electron diffraction (SAED). As shown in Fig. S2(a),T mul-
tiple crystallites were identified and outlined using Image],

This journal is © The Royal Society of Chemistry 2025
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with the linear dimensions measured to estimate crystallite
size. The resulting histogram (Fig. S2(b)?), generated from over
six individual crystallites, demonstrates a narrow size distri-
bution with an average crystallite size of approximately 15 +
1 nm, indicating a homogeneous growth process and well-
regulated  nucleation  behavior  during  sputtering.
Complementary SAED analysis (Fig. 3(h)) revealed multiple
continuous and concentric diffraction rings corresponding to
the (002), (102), (103), and (106) planes of 2H-phase hexagonal
WSe,. The ring pattern confirms the polycrystalline nature of
the thin films with a random crystallographic orientation,
aligning with the porous, nano-cauliflower-like morphology
observed in the FESEM image. The combination of uniform
crystallite dimensions and random orientation signifies a
structurally uniform and isotropic film. Such characteristics
are beneficial for electrochemical energy storage applications,
as they facilitate efficient ion transport and uniform charge
distribution, ultimately enhancing the stability and perform-
ance of the supercapacitor electrodes.

(9]
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3.2 Morphology and compositional analysis

The examination of surface morphology is essential for visua-
lizing the shape, size, thickness, and distribution of a particu-
lar nanostructure obtained during the fabrication of the sput-
tered thin film. In this work, the morphological analysis was
conducted by utilizing the Carl Zeiss Gemini300 FESEM with
an operational acceleration voltage of 10 kV. The images were
captured at different magnifications, specifically 5kx (5000x),
20kx (20 000x), and 150kx (150 000x), with a working distance
of approximately 6 mm, as shown in Fig. 4(a-c). The top
surface FESEM micrographs reveal the formation of uniformly
distributed porous nano cauliflower-type surface morphology
of sputtered deposited WSe,@graphite thin films. The thick-
ness of the thin film was adjusted in comparison to our pre-
vious studies to improve the life cycle of the created symmetric
supercapacitor device, and the deposition time of 25 minutes
was conducted under optimized conditions, maintaining all
other parameters constant.”»**> This change resulted in the
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Fig. 4 FESEM images at different magnifications (a) 5kx, (b) 20kx, and (c) 150kx, (d) mixed-elemental mapping (inset: cross-sectional thickness at
50kx), individual elemental mapping of (e) W 4f and (f) Se 3d, (g) EDAX spectra, (h) BET analysis, AFM images: (i) 2D and (j) 3D of the sputtered
WSe,@graphite thin film; the inset of (j) gives contact angle measurements using the sessile drop method.

This journal is © The Royal Society of Chemistry 2025

Nanoscale, 2025, 17, 16457-16475 | 16463


https://doi.org/10.1039/d5nr01328c

Published on 24 giugno 2025. Downloaded on 15/03/2026 02:00:01.

Paper

morphological change of the deposited thin film from nano-
flakes to porous nano cauliflowers affecting the critical para-
meters of supercapacitors. The porous structure significantly
increases the available surface area for electrochemical reac-
tions, which leads to higher capacitance. A greater number of
active sites become available for ion adsorption and desorp-
tion during charging-discharging cycles. This allows faster
diffusion and transportation of ions within the material,
resulting in higher charge transfer kinetics.**>° Furthermore,
the optimized distribution of pore sizes allows effective electro-
lyte penetration and better accessibility to the active sites. This
combination of high surface area and efficient ion transport
leads to higher energy density, allowing the device to store
more energy per unit area/mass/volume. The cauliflower-like
structure is typically lightweight due to its porous character-
istics, which further enhances energy density by minimizing
the weight of the electrode material without sacrificing per-
formance. The thickness of the fabricated thin film was deter-
mined using a cross-sectional FESEM process by placing the
sample vertically under the detector. The cross-sectional
micrographs were taken at a magnification of 50kx (50 000x)
and a working distance of 4.3 mm. The cross-sectional FESEM
shows that the thin film resulted in columnar growth with a
thickness of 1.75 pm after 25 minutes with a deposition rate of
70 nm min~", as shown in the inset of Fig. 4(d). The columnar
morphology is a well-known characteristic of thin films de-
posited via physical vapor deposition (PVD) techniques, such
as DC sputtering. It arises from the Volmer-Weber growth
mode, where spatially separated atomic nuclei form, grow, and
coalesce into columnar structures due to thermodynamic and
kinetic factors. The slight tilt of approximately 15° observed in
our films is likely due to minor angular flux variations during
sputtering, which can occur even when the target and sub-
strate are positioned to face each other. Factors such as non-
uniformity in the sputtering plume, off-axis collisions of sput-
tered atoms, and subtle experimental misalignments contrib-
ute to preferential shadowing effects that result in tilted
columns. Additionally, the low ionization inherent to DC sput-
tering and the substrate temperature influence surface
diffusion and further shape the columnar structure. In terms
of electrochemical performance, the columnar morphology is
generally beneficial, as it enhances the effective surface area,
providing more active sites for charge storage or redox reac-
tions, which are crucial for applications such as super-
capacitors and batteries. The interconnected nature of the
columns also facilitates ionic and electronic conductivity,
enabling improved performance under high-rate conditions.
Notably, it has been found that the thickness of the deposited
thin film significantly impacts the electrochemical
properties.”’*? Fig. S3(a—f)f displays top-view FESEM micro-
graphs illustrating the time-dependent surface morphological
evolution of WSe,@graphite thin films deposited by sputtering
over durations ranging from 30 seconds to 30 minutes. At the
shortest deposition time of 30 seconds (Fig. S3(a)t), the film
surface reveals the initial nucleation of WSe,, with early stage
nanoflakes beginning to appear sporadically across the sub-
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strate. As the deposition time increases to 5 minutes
(Fig. S3(b)¥), these nanoflakes become more defined and dis-
tributed, indicating progressive surface coverage. A further
increase to 15 minutes (Fig. S3(c)f) leads to the development
of a more uniform nanoflake-based morphology. With contin-
ued deposition up to 20 minutes (Fig. S3(d)f), the nanoflakes
coalesce to form a distinct, porous cauliflower-like surface
architecture. At 25 minutes of deposition (Fig. S3(e)¥), this cau-
liflower-type nanostructure becomes more pronounced, yield-
ing a film thickness of approximately 1.75 pm. This mor-
phology was found to be optimal for electrochemical appli-
cations, as it enhances both areal capacitance and energy
density due to its high surface area and open porous structure
that facilitates efficient ion transport. However, further exten-
sion of the deposition time to 30 minutes (Fig. S3(f)) leads to
morphological agglomeration, transitioning from distinct cau-
liflower-like structures to densely packed nanospheres, which
compromise the porosity and negatively impact electro-
chemical performance. Fig. S3(g-i)} presents the cross-sec-
tional FESEM images corresponding to the same deposition
intervals, highlighting the evolution in film thickness and
internal structural arrangement. At 30 seconds (Fig. S3(g)7),
the film exhibits a minimal thickness of ~35 nm, with the
initial columnar growth of nanoflakes observable. With
extended deposition time, the film thickness increases to
~1.75 pm at 25 minutes (Fig. S3(h)t), showcasing vertical
columnar growth consistent with the nanoflake stacking. At
30 minutes (Fig. S3(i)t), the film thickness reaches ~2.1 pm;
however, this is accompanied by a loss in porosity due to
agglomeration, adversely impacting ion accessibility and
storage performance.

From a materials design perspective, thinner films typically
offer a higher surface-area-to-volume ratio, which is advan-
tageous for enhancing capacitance by providing more electro-
chemically active sites. However, overly thin films may limit
ion diffusion pathways and reduce the mass of active material,
thereby decreasing energy density and potentially compromis-
ing mechanical integrity during prolonged charge-discharge
cycling. In contrast, thicker films can support higher energy
storage due to increased active material loading but may suffer
from sluggish ion transport, increased internal resistance,
and structural inhomogeneity. Therefore, achieving an optimal
film thickness is essential for balancing electrochemical
performance parameters such as capacitance, energy density,
rate capability, and mechanical stability. In this study, a sput-
tering duration of 25 minutes corresponding to a film thick-
ness of approximately 1.75 pm was identified as the optimal
condition. At this thickness, the porous nano-cauliflower mor-
phology of WSe, provides a large electroactive surface area and
open ion diffusion pathways, thereby significantly enhancing
the charge storage capability of the electrode. Beyond this
point, further deposition leads to reduced porosity and com-
promised performance due to nanostructure agglomeration.

The elemental compositions and presence of specific
elements within the thin film were analyzed using the energy
dispersive X-ray (EDX) spectroscopy attached to the FESEM.
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Elemental mappings for WSe, as well as for individual elements
are presented in Fig. 4(d—f), confirming the uniform distribution
of tungsten (W) and selenium (Se) across the graphite surface.
The quantitative EDX analysis depicted in Fig. 4(g) shows a stoi-
chiometric ratio of W:Se::1:2, confirming the efficient depo-
sition of WSe, onto the graphite substrate and indicating a
highly pure and practically ideal composition for tungsten dise-
lenide. The presence of an interconnected porous network
enhances mechanical stability, which is essential for maintain-
ing structural integrity during repeated cycles. This characteristic
is crucial for the longevity of electrochemical devices.

3.3 Porosity and roughness analysis

The surface area and porosity of the deposited thin film were
analyzed using the Brunauer-Emmett-Teller (BET) technique,
which provides valuable insights into the material’s porosity
by differentiating between micropores (less than 2 nm), meso-
pores (2-50 nm), and macropores (greater than 50 nm).>* As
illustrated in Fig. 4(h), the N, adsorption and desorption iso-
therms were utilized to examine the surface morphology and
texture of the material. The resulting isotherm indicates that
the WSe,@graphite thin film exhibits characteristics of both
Type 1V and Type VI isotherms. This observation suggests a
complex porous structure characterized by mesoporosity
(2-50 nm) and layered adsorption features, which can lead to
non-linear adsorption behaviours. Initially, as the relative
pressure approaches 0.85, a decline in the volume adsorbed is
observed, dropping from 21.7 to 0 cc g~ . This behavior can be
attributed to the narrow and complex nature of the pores;
certain pores may become filled or blocked before others,
resulting in limitations in the effective adsorption area.
Consequently, this situation leads to steric hindrance or repul-
sive interactions, wherein the existing adsorbed molecules
impede the further adsorption of new molecules, thereby redu-
cing the effective volume adsorbed. As the relative pressure
rises from 0.85 to 1, an increase in adsorption volume is
recorded, rising from 0 to 51.7 cc g~ This phenomenon is pri-
marily attributed to capillary condensation; at high pressures,
nitrogen molecules can condense within the pores of the
material, resulting in a significant enhancement of the
adsorbed gas volume. During the desorption process, as rela-
tive pressure decreases, gas molecules begin to desorb from
the adsorbent surface. At elevated pressures, nitrogen mole-
cules tend to condense within the mesopores due to capillary
forces. As the pressure drops, these condensed gas molecules
start to evaporate back into the gas phase, leading to a
reduction in the volume of gas that can be adsorbed.>*** The
substantial decrease in volume from 53 cc g " to 12 cc g~ indi-
cates that many gas molecules trapped in smaller pores cannot
escape easily due to high capillary pressures, contributing to
an initially slower desorption rate. However, as the relative
pressure continues to decrease from 0.4 to 0, an increase in de-
sorption volume is observed, rising from 12 cc g™* to 22 cc g
This increase can be attributed to the release of gas from pre-
viously inaccessible or partially blocked pores. As pressure
diminishes, some of the gas trapped in narrower or more
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complex pore structures can escape, resulting in an apparent
increase in desorbed volume, aided by the reduction of capil-
lary forces that initially retained the gas.

This mesoporous network, with pore sizes predominantly
ranging between 2 and 50 nm, plays a critical role in facilitat-
ing ion transport and storage within the electrode structure.
The interplay between this pore size distribution and the ionic
dimensions of the electrolytes employed, neutral Na,SO,, alka-
line NaOH, and acidic H,SO,, significantly influences the
electrochemical performance. The hydrated ion radius is a
crucial factor governing ion accessibility to the porous elec-
trode. The hydrated proton (H') from H,SO,, possessing an
exceptionally small radius (~0.28 nm), can readily diffuse
through the mesopores, maximizing active surface area utiliz-
ation. Similarly, hydroxide ions (OH™) from NaOH, with a
slightly larger hydrated radius (~0.30 nm), also efficiently
penetrate the porous network, facilitating enhanced charge
storage interactions. Conversely, the larger hydrated ions from
Na,S0,, sodium (Na®, ~0.36 nm) and sulfate (SO,
~0.38-0.41 nm), face steric limitations within the narrower
mesopores, restricting their movement primarily to wider
pores and the electrode surface. This constrained ion mobility
reduces effective surface utilization and results predominantly
in electric double-layer capacitance, with minimal pseudo-
capacitive contributions. The improved ionic mobility and
pore accessibility of H" and OH~ ions align well with the
higher capacitance and energy densities observed in acidic
and alkaline electrolytes, respectively. This is further evidenced
by their superior rate capability and retention at elevated scan
rates and current densities, where efficient ion transport
through the porous matrix is essential. In contrast, the Na,SO,
electrolyte, despite its excellent cycling stability, shows com-
paratively lower capacitance due to limited ion diffusion into
smaller pores and a reliance on purely capacitive mechanisms.
Therefore, the synergy between the electrode’s mesoporous
architecture and the size-dependent ion transport dynamics of
various electrolytes critically governs the overall electro-
chemical behavior, balancing energy storage capacity, power
delivery, and long-term stability.

The AFM analysis was conducted using Bruker’s Dimension
Icon instrument, and the resultant topographical data were
processed with NT-MDT software to quantify surface rough-
ness for the sputtered deposited WSe,@graphite thin film. A
sharp silicon (n-type) tip with a radius of approximately
35 nm, developed by Mikro Masch, was utilized for this ana-
lysis. The AFM was operated in non-contact mode, with the
cantilever being reflective (gold-coated) to enhance detection
sensitivity. The resulting 2D and 3D topography images, cap-
tured at a scale of 5 pm x 5 um (as shown in Fig. 4(i) and (j)),
reveal a notably uniform thin film morphology across the sub-
strate. The calculated root mean square surface roughness
(6ims) for the electrode is found to be approximately
~0.017 nm. These relatively low roughness values suggest a
highly organized surface structure, consistent with hydrophilic
behavior as outlined by the Wenzel equation.>®*” Additionally,
the wettability analysis for WSe,@graphite thin-film electrodes
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was conducted through contact angle measurements using the
sessile drop method, as shown in the inset of Fig. 4(j). The
contact angle for the WSe,@graphite thin-film electrode was
determined to be 38.02°, indicating a highly hydrophilic
surface, and was found to be consistent with the AFM results.
Therefore, the combined results from the AFM analysis and
the contact angle measurements provide strong evidence of
the hydrophilic nature of the proposed thin film, suggesting
potential advantages for applications requiring enhanced
surface interactions.

3.4 Electrochemical analysis

The electrochemical compatibility of WSe,@graphite thin-film
electrodes for supercapacitive applications has been well estab-
lished in our previous research.’” In this study, we expanded
this investigation by exploring the influence of electrolyte pH
on the electrochemical behavior of a fabricated flexible sym-
metric supercapacitor (FSS) device utilizing WSe,@graphite
thin-film electrodes. The FSS device was designed with these
thin-film electrodes serving as both the cathode and anode. To
maintain electrical neutrality and facilitate efficient ion trans-
fer, Whatman filter paper soaked in selected aqueous electro-
lytes was employed as a separator, as shown in Fig. S4.1 The
mechanical flexibility and structural integrity of the electrodes
were evaluated under various deformations, including
bending, twisting, and rolling, as depicted in Fig. 5(a-e). The
electrodes demonstrated remarkable resilience, retaining their
original form without observable defects or degradation,
thereby confirming their robust mechanical strength and flexi-
bility. Fig. 5(f) illustrates the CV analysis of the fabricated
WSe,@graphite SS device under different bending conditions,
whereas Fig. 5(g) depicts a schematic representation of the
bending angles varying from 0° to 180°. The obtained CV
curves remained nearly identical, with almost the same peak
current and voltage window across all bending angles, indicat-
ing that the device maintains its electrochemical performance
even under significant mechanical deformation. The results of
electrochemical characterization further substantiate our
claims regarding the mechanical flexibility and structural
integrity of the electrodes and reveal it to be a promising con-
tender for use in flexible electronic devices.

The electrochemical performance of the FSS device was
evaluated using a Metrohm Autolab PGSTAT302N potentiostat/
galvanostat system. In the symmetric configuration, one thin-
film electrode functioned as the working electrode (WE), while
the other acted as both the reference electrode (RE) and the
counter electrode (CE). The assessment involved electro-
chemical impedance spectroscopy (EIS), cyclic voltammetry
(CV), and galvanostatic charge-discharge (GCD) measure-
ments. EIS measurements enabled a detailed assessment of
the resistive and capacitive properties of the device, including
internal resistance, charge-transfer resistance, and double-
layer capacitance. CV provided critical insights into the charge
storage behavior, while galvanostatic charge-discharge testing
facilitated the determination of specific capacitance, energy
density, and power density across different pH levels.
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In order to explore the impact of pH, three distinct aqueous
electrolytes, namely H,SO, (acidic), NaOH (basic), and Na,SO,
(neutral), were prepared with precisely controlled concen-
trations, as shown in Fig. 5(h). The acidic electrolyte was pre-
pared by dissolving 4.34 mL of H,SO, in 80 mL of distilled
water, while the basic electrolyte was formed by dissolving
3.2 g of NaOH in 80 mL of distilled water, and lastly, the
neutral electrolyte was prepared by dissolving 11.36 g of
Na,S0, in 80 mL of distilled water. These specific electrolytes
were selected due to their unique properties, such as ionic
mobility, ion crystal radius, and Gibbs free energy, which criti-
cally influence the electrochemical processes. The ionic con-
ductivity of electrolytes is also a key factor in determining the
overall performance of the supercapacitor, as it affects the ion
transport at the electrode-electrolyte interface.’®° The order
of ionic conductivity for the three electrolytes (NaOH, H,SO,,
and Na,SO,) will depend on the concentration and mobility of
the ions in the solution.®® The acidic electrolyte, sulfuric acid
(H,S0,), dissociates into H" ions, resulting in a high concen-
tration of mobile charge carriers. The H' ion exhibits excep-
tional mobility due to its small size and ability to “hop”
between water molecules in the solution (known as the
Grotian mechanism), making sulfuric acid a highly conductive
electrolyte. The higher ionic conductivity in the electrolyte
allows for more efficient ion movement and faster charge/dis-
charge processes, thereby improving the rate capability. The
high concentration of H' ions facilitates effective electro-
chemical double-layer formation at the electrode-electrolyte
interface, thereby enhancing specific capacitance and increas-
ing the electrochemical performance of the supercapacitor. In
contrast, the basic electrolyte, sodium hydroxide (NaOH), dis-
sociates to produce Na" and OH™ ions. Although the OH™ ion
is larger than H', it still provides high ionic conductivity, and
Na' ions further contribute to the conductivity. While OH™
ions are mobile, their larger size than H" ions results in slower
transport rates, leading to reduced ion movement. Therefore,
basic electrolytes typically exhibit lower ionic conductivity than
acidic solutions like H,SO,, which can negatively affect the
rate capability of the supercapacitor. Lastly, the neutral electro-
lyte, sodium sulfate (Na,SO,), dissociates to produce Na" and
S0,>” ions. Despite its neutral pH, the ionic conductivity of
Na,S0, is generally lower than that of H,SO, and NaOH due to
the lower concentration of charge carriers, and the SO,>” ions
are relatively large and less mobile compared to H" and OH™.
Also, the capacitance in neutral electrolytes is generally lower
than in acidic and basic electrolytes because the charge
storage capacity depends on ion availability at the electrode
surface, and the Na,SO, electrolyte does not provide as many
charge carriers as its counterparts.®!

The ionic conductivity of the prepared electrolytes was cal-
culated by using the series resistance obtained from the EIS
results, thereby supporting the above explanation. The EIS
measurements were recorded over a frequency range from 0.1
Hz to 1 x 10° Hz, as seen in Fig. 5(i-k). The presence of linear
features in the Nyquist plots, without the formation of a semi-
circle, indicates the high ionic conductivity of the prepared
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electrolytic solutions. The x-axis intercept of the Nyquist plot
provides equivalent series resistance (R;) values. The relatively
small R values i.e., 4.40, 3.27, and 2.94 Q for Na,SO,, NaOH,
and H,SO,, respectively, indicate the excellent conductivity of
the prepared electrolytes. Furthermore, eqn (1) was used to cal-
culate the ionic conductivity of the prepared electrolytes:

c=1/(RxA) (1)
where the variables ¢, [, R, and A refer to the ionic conductivity

in S em™, the thickness of the electrolyte or the separator in
cm (e.g., the thickness of Whatman filter paper), the equi-

This journal is © The Royal Society of Chemistry 2025

valent series resistance in Q, and the area of the thin film elec-
trode in cm?, respectively. The ionic conductivity of the pre-
pared electrolytes was found to be 2.72, 3.66, and 4.08 mS
em™' for Na,SO,, NaOH, and H,SO, electrolytes, respectively.
The high ionic conductivity of the prepared electrolytes con-
tributes to a reduction in the overall resistance of the electro-
chemical cell, better ion diffusion, and higher capacitance,
and hence the superior power performance of the SS device.

In order to explore the supercapacitive performance and
the impact of the pH levels of different aqueous electrolytes on
the electrochemical performance, a symmetric supercapacitor
device was fabricated using WSe,@graphite thin film electro-
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des functioning as both the cathode and the anode with a
Whatman filter paper soaked in the electrolytic solution and
sandwiched in between these electrodes. The electrochemical
assessment was performed utilizing CV, GCD, and EIS tech-
niques. Fig. 6(a-c) shows the CV curves recorded at different
scan rates from 50 to 1500 mV s~ in different aqueous electro-
lytes with distinct pH levels. The resulting CV curves help to
understand the behavior of the fabricated SS. Fig. 6(a) shows
the CV curves at different scan rates in the Na,SO, electrolyte,
which has a neutral pH value of approximately 7. The neutral
pH minimizes faradaic processes, resulting in pure EDLC be-
havior. The absence of pH-induced redox reactions ensures
long-term electrode stability but offers limited energy density.
The rectangular shape of the CV curves at low scan rates indi-
cates the ideal double-layer capacitive behavior, which is
characteristic of the systems where the charge is stored
through ion adsorption at the electrode-electrolyte interface.
At higher scan rates, the CV curves begin to deviate from the
rectangular shape due to increasing resistive (IR) losses and
incomplete ion interactions, which are prevalent at faster
rates.

Fig. 6(b) shows the CV curves at different scan speeds with
a NaOH electrolyte with a basic pH value of approximately 14.
The alkaline pH environment enhances the pseudocapacitive
behavior through redox reactions that involve OH™ ions.
However, prolonged exposure to high pH levels can corrode
electrode materials. The energy density was found to be higher
than Na,SO, due to additional pseudocapacitive contributions.
The current response in NaOH surpasses that in Na,SO, at the
same scan rates due to the contribution of the pseudo-capaci-
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tance from faradaic redox reactions involving OH™ ions. At
lower scan rates, distinct redox peaks are visible, representing
reversible oxidation-reduction processes. These peaks tend to
diminish or broaden at higher scan rates due to kinetic limit-
ations. The presence of redox peaks at lower scan rates indi-
cates the pseudocapacitive behavior, where charge storage
occurs through faradaic processes in addition to the double-
layer effects. At higher scan rates, limitations in ion diffusion
and reaction kinetics result in reduced visibility of redox
activity. Fig. 6(c) shows the CV curves at different scan speeds
in the H,SO, electrolyte, demonstrating the behavior with
acidic pH. The acidic pH enables strong pseudocapacitive be-
havior due to H' ions participating in the redox reactions,
resulting in the highest areal capacitance and energy density.
The curve shows highly symmetric redox peaks at lower scan
rates, although the overall shape deviates from the rectangular
form. The dominance of redox peaks is attributed to the
strong pseudocapacitive behavior involving H' ions and revers-
ible reactions. The acidic environment enables efficient ion
transport and fast redox processes; however, kinetic limit-
ations become apparent at high scan rates. All these aqueous
electrolytes demonstrate a broad electrochemical potential
window of 2 V, ranging from 0 to +2 V, indicating the extraordi-
nary performance of the fabricated SS. The areal capacitance
and corresponding energy densities from the CV analysis were
calculated using eqn (ES1) and (ES2),} respectively. The calcu-
lated values of areal capacitance and corresponding energy
densities at increasing scan speeds in different electrolytes are
detailed in Tables S2-S4.f From the results, it has been
observed that as the scan rate increases, both areal capacitance
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and energy density decrease. At low scan rates, ions have
sufficient time to access the porous electrode structure, maxi-
mizing charge storage. While at high scan rates, only the outer
electrode surface is accessed, resulting in reduced effective
capacitance. This behavior is attributed to the difficulties
associated with electrolyte ion diffusion on the electrode
surface at higher scan rates; the rapid changes in potential do
not provide sufficient time for ions to interact effectively with
the electrode surface, leaving the inner surfaces of the pores
inaccessible for interaction. Fig. 6(d-f) depicts the typical
charge-discharge curves at several current densities varying
from 1 to 10 mA cm™2 across different electrolytes. The result-
ing GCD curves help in further understanding the electro-
chemical behavior of the fabricated SS. The characteristics of
the GCD curves directly affect areal capacitance and energy
density because these properties depend on the discharge
time, symmetry, and the type of charge-storage mechanism,
whether capacitive or pseudocapacitive. Fig. 6(d) shows the
GCD curves at different current densities in a neutral electro-
lyte (Na,SO,). The curve exhibits a symmetric and nearly linear
profile, representing the ideal capacitive behavior character-
istics of an electric double-layer capacitor (EDLC). These
characteristics indicate that charge storage occurs primarily
through physical adsorption/desorption of ions at the elec-
trode interface, with no significant faradaic (redox) reactions
taking place due to the neutrality of the electrolyte. In com-
parison with acidic or basic electrolytes, discharge times are
shorter since the capacitance relies solely on physical mecha-
nisms, without the influence of faradaic reactions. The neutral
pH level contributes to stability, no redox contributions, and
consistent charge-discharge behavior. Fig. 6(e) shows the GCD
curve in a NaOH electrolyte at an alkaline pH level. The GCD
curve is less symmetric and exhibits nonlinearity when com-
pared to Na,SO,. This behavior arises due to the faradaic reac-
tions involving OH™ ions to the charge storage. The pseudo-
capacitive characteristics of NaOH lead to nonlinear profiles,
while the incomplete reversibility of faradaic reactions results
in asymmetric behavior. Fig. 6(f) shows the GCD curve in an
acidic electrolyte (H,SO,4). In this instance, the GCD curve exhi-
bits greater symmetry and linearity compared to NaOH,
despite significant pseudocapacitive contributions. This obser-
vation indicated that the faradaic processes in an acidic
environment are highly reversible and efficient. The small and
highly mobile H" ions facilitate fast and uniform charge trans-
fer, thereby minimizing distortions in the curve. The areal
capacitance with corresponding areal energy density and
power density of the SS device were determined from the GCD
curves using eqn (ES3)-(ES5),T providing more precise insights
into the electrochemical performance, and the obtained
results are tabulated in Tables S5-S7.}

As we know, EIS is a crucial technique for understanding the
charge storage and ion transport mechanism in supercapacitors.
EIS analysis conducted within the frequency range of 0.1 to 1 x
10° Hz provides a detailed evaluation of electrochemical perform-
ance across various electrolytes. Fig. 7(a) shows the Nyquist plot
of the FSS device in electrolytes exhibiting varying pH values.
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The Nyquist plot derived from the neutral electrolyte (Na,SO,)
displays a nearly linear profile throughout the frequency range,
with no noticeable semicircle at high frequencies. The linearity
indicates ideal capacitive behaviour, consistent with the electric
double-layer capacitance (EDLC). In such configurations, the
impedance is primarily dominated by capacitive contributions
rather than resistive or faradaic components. The absence of a
semicircle at higher frequencies suggests minimal charge-trans-
fer resistance, implying no significant pseudocapacitive redox
reactions.®”®® The steep slope in the low-frequency region indi-
cates efficient ion diffusion within the electrolyte and towards
the electrode surface, thereby ensuring optimal capacitive per-
formance. The neutral pH level prevents faradaic processes,
resulting in stable and reversible charge storage dominated by
ion adsorption/desorption. While Na,SO, provides a stable elec-
trolyte environment, its lack of pseudocapacitive contributions
limits the overall capacitance. The electrolyte is particularly suit-
able for applications where long-term stability is prioritized over
high-energy storage. Therefore, the alkaline electrolyte (NaOH)
shows a semicircular region at higher frequencies, transitioning
to a linear region at lower frequencies. The semicircle observed
at higher frequencies reflects charge-transfer resistance (R.),
which arises from redox reactions at the electrode interface,
resulting in the pseudocapacitive behavior of the system. The
linear region observed at lower frequencies indicates capacitive
behavior, but the deviation from ideality suggests mixed contri-
butions from both EDLC and pseudocapacitance.®*®® The pres-
ence of R, suggests that the kinetics of charge transfer are slower
in comparison with Na,SO,, likely due to the involvement of
OH™ ions in faradaic reactions. However, the transition to linear
behavior indicates that ion diffusion remains reasonably efficient
at lower frequencies. The alkaline medium promotes redox reac-
tions involving OH™ ions, enhancing the overall capacitance
through pseudocapacitive contributions. However, these reac-
tions introduce resistance, thereby reducing charge/discharge
rates at higher frequencies. NaOH offers a balance between
capacitance and resistance, with a higher energy storage potential
compared to Na,SO, due to pseudocapacitance. However, its per-
formance may be limited at very high frequencies due to charge-
transfer resistance. In the case of the acidic electrolyte (H,SO,),
the Nyquist plot shows deviation from linearity at higher frequen-
cies, indicating a smaller semicircular feature, followed by a
nearly linear trend at lower frequencies. The small semicircular
region reflects moderate R, indicating some redox reactions
occurring at the electrode interface. These reactions contribute to
pseudocapacitive behavior, albeit to a lesser extent than NaOH.
The near-linear behavior at lower frequencies suggests that EDL
formation remains predominant, although with a less ideal
capacitive response compared to Na,SO,. The relatively small
semicircle indicates efficient charge transfer compared to NaOH,
but the deviation from linearity suggests that ion diffusion is
slightly hindered at high frequencies. The acidic medium
enhances H' ion mobility, facilitating fast charge/discharge pro-
cesses and pseudocapacitive reactions. However, the strong
acidity may also lead to degradation of the electrode material,
potentially affecting long-term performance. The EIS analysis
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Fig. 7 Electrochemical performance of the WSe,@graphite thin film electrode in different electrolytes exhibiting varying pH levels: (a) Nyquist plot
with an enlarged view of the high frequency in the inset circles, (b) cyclic voltammetry curves at a scan speed of 500 mV s™2, (c) galvanostatic
charge—discharge curves at a current density of 8 mA cm™2, (d) comparison of areal capacitance with an increase in scan rates (50-1500 mV s™3),

and (e) comparison of areal capacitance with an increase in current densities ranging from 1 to 10 mA cm™.

conducted through EIS confirms that H,SO, provides the best
trade-off between high capacitance (via pseudocapacitance) and
low resistance, which makes it ideal for applications requiring
both high energy and power densities. However, electrode stabi-
lity under acidic conditions must be carefully managed. Fig. 7(b)
displays the comparative CV curves in different electrolytes at a
scan speed of 500 mV s™'. The area enclosed by each CV curve
corresponds to the charge storage capability of the electrode
material within the given electrolyte. A large, enclosed area indi-
cates a higher current at each potential, implying higher charge
storage capacity. Among the examined electrolytes, the CV curve
of Na,S0,, a neutral electrolyte with restricted ionic conductivity,
exhibits the smallest enclosed area. In contrast, the CV curve of
H,S0,, an acidic electrolyte, shows the largest area among the
three tested electrolytes. Fig. 7(c) presents comparative GCD plots
in different electrolytes at a current density of 8 mA cm™>. The
symmetry, slope, and duration of the GCD curve directly affect
the electrochemical parameter.®®®” Symmetric charge-discharge
profiles typically suggest ideal capacitive behavior, indicating
efficient energy storage. Any asymmetry may indicate resistive
loss or additional faradaic processes. Steeper curves indicate
rapid charging/discharging, usually associated with high conduc-
tivity of the electrolyte. Longer discharge times at the same
current density suggest higher capacitance. The GCD curve
corresponding to Na,SO, (neutral electrolyte) shows symmetric
triangular shapes, indicating pure electric double-layer capaci-
tance (EDLC) behavior. Discharge time is comparatively shorter
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than that of NaOH and H,SO,, indicating a lower areal capaci-
tance and energy storage capacity. In the case of NaOH (alkaline
electrolyte), the curve is slightly steeper during charging and dis-
charging compared to Na,SO,, showing faster ion transport kine-
tics. Discharge time is moderately longer, reflecting higher areal
capacitance due to improved ionic conductivity and partial
pseudocapacitive behavior at the electrode interface. However,
the acidic electrolyte (H,SO,) demonstrates the longest discharge
time, reflecting the highest areal capacitance among the three
electrolytes. The shape of the curve may exhibit subtle asymme-
try, suggesting additional faradaic contributions beyond EDLC.
The strong ionic strength and high proton conductivity in H,SO,
enable efficient charge storage and delivery. The GCD curves
indicate that the H,SO, outperforms the other electrolytes in
terms of areal capacitance and energy density, while NaOH pro-
vides moderate performance due to enhanced ionic mobility.
Conversely, Na,SO, is the least effective, offering pure EDLC be-
havior with limited ionic conductivity. Fig. 7(d) illustrates the
effects of areal capacitance on scan rates in various electrolytes.
In the case of the neutral Na,SO, aqueous electrolyte, the areal
capacitance decreases from 44 mF cm™> at 50 mV s to 4.19 mF
em™ at 1500 mV s~'. The decrease in capacitance with an
increase in the scan rate is typical of capacitive materials
because, at higher scan rates, there is less time for ions to diffuse
into the electrode surface, leading to lower charge storage.
However, for the basic NaOH electrolytes, initial areal capaci-
tance is higher than Na,SO, (67.9 mF cm™ at 50 mV s™%), but it
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also decreases significantly with an increase in the scan rate.
Basic electrolytes typically enhance the adsorption of OH™ ions at
the electrode surface, potentially increasing capacitance at lower
scan rates. However, at higher scan rates, the limited ion
diffusion leads to a reduction in capacitance at faster charging/
discharging rates. In the case of acidic H,SO, electrolytes, areal
capacitance is observed to be lower than NaOH at 50 mV s
(54.92 mF cm™2); however, the decline in capacitance with an
increase in the scan rate is more gradual. In acidic electrolytes,
H' ions are highly mobile and can easily diffuse into the elec-
trode surface, leading to higher capacitance and better perform-
ance at higher scan rates compared to neutral or basic electro-
lytes. The energy density (E,) follows a similar trend to areal
capacitance, although it is typically lower due to the relationship
between the voltage window and capacitance. For neutral electro-
lytes (Na,SO,) the energy density decreases from 24.4 pF cm™> at
50 mV s~ ' to 2.32 uF cm™> at 1500 mV s~ . The reduction in the
energy density is attributed to the diminished capacity of ions to
interact with the electrode surface at higher scan rates. For the
basic electrolyte (NaOH), the energy density shows a higher value
than that of Na,SO, at all scan rates, reaching 37.75 uF cm™> at
50 mV s~ . This may be due to the smaller size of OH™ ions com-
pared to SO,>” ions, enabling faster ion movement and greater
capacitance at low scan rates, translating into a higher energy
density. However, for acidic electrolytes (H,SO,) the energy
density also shows a high value but lower than that of NaOH. At
50 mV s, it approaches 30.51 pF cm™. The H' ions offer high
ionic conductivity, leading to good energy density at lower scan
rates, but not as high as NaOH due to the lower ionic charge
density compared to OH . Fig. 7(e) shows the comparison of
areal capacitance with an increase in the current density from 1
to 10 mA cm > for various electrolytes. For the Na,SO, electrolyte
with a neutral pH level, the areal capacitance decreases with an
increase in the current density i.e. 92.92, 62.26, 41.85, 21.32, and
18.23 mF cm™> for 1, 2, 4, 8, and 10 mA cm ™2, respectively. This
behavior occurs because, at low current densities, ions have more
time to diffuse into the electrode pores and form a robust electric
double layer (EDL), thereby maximizing charge storage. Whereas,
at higher current densities, the time for ion diffusion is limited,
and only the outer surface of the electrode contributes to charge
storage, resulting in lower capacitance. On the other hand, the
alkaline electrolyte, NaOH, exhibits an irregular trend of areal
capacitance with values of 105.71, 212.73, 119.25, 45.66, and
34.95 mF cm™ at the corresponding current densities of 1, 2, 4,
8, and 10 mA cm ™2, respectively. The higher initial capacitance at
low current densities is due to the enhanced pseudocapacitive
behavior from redox reactions involving OH™ ions (e.g., surface
oxidation/reduction of the WSe,@graphite). The anomalously
high capacitance at 2 mA cm™> suggests optimized redox activity
and EDL formation at this specific current density. As current
densities increase, the contribution of redox reactions
diminishes due to kinetic limitations, leading to a drop in
capacitance. The acidic electrolyte, H,SO,, exhibits a varying
trend of areal capacitance with values of 123.73, 71.01, 46.09,
37.70, and 53.72 mF cm™2 at current densities of 1, 2, 4, 8, and
10 mA cm™?, respectively. The high initial capacitance is attribu-
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ted to the strong pseudocapacitive behavior involving H' ions
and their efficient penetration into the electrode. The dip at
intermediate current densities suggests the presence of kinetic or
mass transport limitations. The increase in capacitance at higher
current densities (10 mA cm™?) may result from enhanced redox
activity or improved electrode utilization at high rates. The
energy and power density are two crucial factors for evaluating
the supercapacitive performance. Since the energy density is
directly proportional to the areal capacitance, the energy density
follows a similar trend. However, power density increases with an
increase in the current density and remains consistent across all
electrolytes, which is highly beneficial for the symmetric super-
capacitor device as shown in Tables S5-S7.7 This information
aids in the selection of an appropriate electrolyte providing the
best areal capacitance and energy density while maintaining the
power density of the device.

Table 1 presents a comparison of the electrochemical per-
formance metrics of the WSe,@graphite thin-film electrode,
including its potential window, areal capacitance, energy
density, and power density, with those of previously reported
TMDC-based electrode materials."®®*”7” The results demon-
strate that the symmetric supercapacitor device fabricated
using the WSe,@graphite composite exhibits superior per-
formance, characterized by a wide potential window of 2 V and
significantly enhanced areal capacitance, energy, and power
densities.

These findings highlight the exceptional capabilities of the
WSe,@graphite composite as a flexible electrode material for
SS applications. Moreover, the device’s adaptability across
various pH environments and the ability to select electrolytes
based on the optimal balance of energy, power, and stability
underscore its potential for advanced energy storage systems.

Furthermore, we have analyzed the cycling stability of the
fabricated SS device across various electrolytes, executing 5000
GCD cycles at a current density of 8 mA cm ™2 within a poten-
tial window of 0 to +2 V. Fig. 8(a—c) illustrates the cycling stabi-
lity plots in terms of % cyclic retention versus the number of
cycles in different electrolytes. The insets of Fig. 8(a—c) present
the GCD curves before and after 5000 GCD cycles for Na,SO,,
NaOH, and H,SO, electrolytes. Among these electrolytes,
Na,SO, exhibits the highest cyclic retention ratio of 92.5%, fol-
lowed by 86.3% in NaOH, and 78.69% in H,SO, after 5000
GCD cycles. The cycling stability of the WSe,@graphite-based
symmetric supercapacitor can be attributed to the chemical
characteristics and their interactions with the electrode
materials. In the case of Na,SO,, the chemically stable environ-
ment minimizes aggressive chemical reactions, allowing for
primarily electric double-layer capacitance mechanisms, which
impose minimal stress on WSe, and graphite materials. This
results in superior stability as the degradation from side reac-
tions or structural changes is negligible. In the case of NaOH,
the alkaline environment introduces hydroxyl ions (OH),
which may participate in partial faradaic reactions with the
electrode surfaces, leading to the formation of surface oxides
and potential degradation of the electrode over extended
cycling. The higher ionic conductivity of NaOH initially
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Table 1 Comparison of the performance parameters of the fabricated WSe,@graphite thin film electrode with various previously reported literature

data
Potential Areal Energy Power
S. window capacitance density density
no. Electrode material Electrolyte  Synthesis method ) (mFem™) (mWhem™) (mW em™) Ref.
1.  MoS,@CNT/RGO 1M H,SO, Simple vacuum-assisted filtration 1 29.5 0.00413 3.2 68
method
2. MoSe, solid-state Ionogel Hydrothermal method 2 18.93 37.9 mJ 0.268 69
supercapacitor electrolyte em™?
3. MoS, 0.5M H,SO, RF magnetron sputtering 0.2 33 0.000233 8 70
4. WSe,@graphite 1M Na,SO, DC sputtering 1.1 3.91 0.00782 0.598 18
5.  W-doped MoSe,/ PVA/KOH One-step hydrothermal catalysis 0.9 60.5 3 150 71
graphene
6.  Metallic 1T-WS, 1M H,SO, Hydrothermal synthesis 1 2.813 — — 72
nanoribbons
7. WS, quantum dots H3;PO,-PVA  Hydrothermal route 0.6 28 1.49 47.03 73
8. AgNWs-MoS, 1M Electrochemical polymerization 1.2 27.6 0.00245 1.472 74
PVA-H,SO, and film transfer methods
9. MoS,@Ni(OH), PVA/KOH Single-mode microwave 1 14.07 0.52 1.1 75
hydrothermal technique
10. MoS,/rGO/CNT 1M Na,SO, Electroactive coating 1 93.2 0.0129 1.96 76
11. h-WO3/WS, nanowire Na,SO, (0.1 CVD 0.8 18.3 0.06 Wh — 77
M) em™?
12. WSe,@graphite SS 1M Na,SO, DC sputtering 2 92.92 0.0516 1 This work
13. WSe,@graphite SS 1 M NaOH DC sputtering 2 105.71 0.0587 1 This work
14. WSe,@graphite SS 1M H,SO, DC sputtering 2 123.73 0.0687 1 This work
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Fig. 8 (a) Cycling stability curve with the inset showing the first and last GCD cycles at 8 mA cm™

No. of Cycles

2

, and the corresponding FESEM images of the

WSe,@graphite electrode after 5000 cycles with different electrolytes: (a and d) Na,SO,4, (b and e) NaOH, and (c and f) H,SO4,.

enhances performance but accelerates material deterioration
over time due to electrochemical stress. In contrast, H,SO,,
being a strongly acidic electrolyte, creates a highly corrosive
environment where protons (H') and sulfate ions (SO,>")
actively interact with WSe, and graphite, resulting in material
corrosion and weakening of structural integrity. The acidic
conditions also promote extensive faradaic reactions, leading
to enhanced initial capacitance, resulting in significant elec-
trode degradation and capacity fading over repeated cycles.
Therefore, the highest cycling stability in Na,SO, is due to its
neutral, non-aggressive nature, while the progressively lower

16472 | Nanoscale, 2025, 17, 16457-16475

stability in NaOH and H,SO, stems from their increasing reac-
tivity and corrosive effects on the electrode materials.

Fig. 8(d-f) show the FESEM images of the WSe,@graphite
symmetric supercapacitor device examined after 5000 GCD
cycles. Before the GCD cycles, the WSe,@graphite pristine thin
film displays a uniform and well-structured morphology. The
film exhibits tightly packed layers with minimal surface irregu-
larities, indicating its structural integrity. This morphology
ensures a high surface area for electrolyte interaction, which is
highly beneficial for electrochemical properties. However,
Fig. 8(d) shows the FESEM image after 5000 GCD cycles with
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Na,SO, showing minimal morphological degradations. The
structure largely retains its original uniformity, with only
slight indications of wear. This stability is attributed to the
neutral nature of Na,SO,, which avoids aggressive chemical
reactions with the electrode material. The absence of corrosive
ions (e.g., H' or OH") limits chemical degradation, preserving
the integrity of the WSe,@graphite surface. This explains the
high cycling stability (92.5%) in Na,SO,. Additionally, Fig. 8(e)
shows the FESEM image obtained after 5000 GCD cycles with
NaOH, and the alkaline environment introduces hydroxyl ions
(OH"), leading to visible morphological degradation in certain
regions on the material surface. These changes may include
localized peeling, roughening, or formation of surface oxides.
The degradation is attributed to the chemical reactions
between OH™ and the electrode material, which can form
surface oxides or hydroxides, altering the material’s structure.
The degradation is moderate and shows a cycling stability of
around 86.3%. Moreover, Fig. 8(f) shows the FESEM image
after 5000 cycles with H,SO, revealing significant destruction
of the material surface, with most of the surface covered by the
electrolyte or completely degraded. The acidic environment
introduces highly reactive protons (H') and sulfate ions
(S0,%>7), which corrode the WSe, and graphite surface. This
leads to the breakdown of the electrode’s structural integrity,
loss of active material, and formation of non-conductive
surface layers. The aggressive interaction with the electrolyte
results in poor cycling stability of approximately 78.69%.

In summary, we have successfully fabricated a highly
porous and flexible symmetric supercapacitor device based on
WSe,@graphite. This device underwent treatment with
different aqueous electrolytes, acidic, basic, and neutral, to
investigate the impact of pH levels on the fabricated SS device.
The device resulted in an extraordinary potential window of 2
V (0 to +2 V) across all three electrolytic solutions, highlighting
its adaptability and extraordinary stability over distinct pH
levels. Acidic electrolytes resulted in the best performance in
terms of capacitance, rate capability, and electrochemical
efficiency due to their high ionic conductivity and favourable
charge storage dynamics. However, the strong acidity also
limited the long-term stability compared to the other electro-
lytes. Sodium sulfate (Na,SO,), as a neutral electrolyte, exhibi-
ted the lowest conductivity and capacitance due to its neutral
pH, which minimizes faradaic processes and results in pure
electric double-layer capacitance. This electrolyte ensures
excellent long-term stability by preventing aggressive chemical
reactions with electrode materials. In the end, sodium hydrox-
ide (NaOH), with its basic pH level, supports pseudocapaci-
tance through redox reactions involving OH™ ions. Although it
offers moderate ionic conductivity and capacitance, the larger
size of its ion reduces transport efficiency compared to H', and
the alkaline conditions can corrode electrodes over time.
Therefore, the electrochemical assessments, including CV,
GCD, and EIS, reveal that H,SO, offers superior energy and
power density due to its efficient redox processes. In contrast,
NaOH demonstrates moderate performance, while Na,SO,
excels in stability but lacks in energy density. Ultimately, the
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selection of electrolytes depends upon the desired trade-off
between energy, power, and stability.

4 Conclusion

In summary, a cost-effective and lithography-free approach has
been utilized for the successful fabrication of hierarchical
nanocomposite flexible symmetric supercapacitor electrodes
based on WSe,@graphite thin films. This device underwent
treatment with different aqueous electrolytes including acidic,
basic, and neutral to investigate the impact of different pH
levels on the supercapacitive performance of the fabricated SS
device. The resulting device exhibits an extraordinary potential
window of 2 V (0 to +2 V) across all three electrolytic solutions
with high adaptability and stability over distinct pH levels.
Furthermore, the findings indicate a significant influence of
pH levels on the supercapacitive properties of the
WSe,@graphite-based SS device. Acidic electrolytes offer the
best supercapacitive properties in terms of capacitance, rate
capability, electrochemical efficiency, and energy and power
density with moderate long-term stability compared to the
other electrolytes. Neutral electrolytes exhibit the lowest con-
ductivity, capacitance, and energy density due to their
minimal faradaic processes but offer excellent long-term stabi-
lity. Lastly, basic electrolytes offer moderate ionic conductivity
and capacitance in comparison with other -electrolytes.
Therefore, electrochemical assessments reveal that the acidic
electrolyte (H,SO,) offers superior supercapacitive properties
including ionic conductivity (4.08 mS em™') and areal capaci-
tance (123.73 mF cm™?) with the corresponding energy density
(68.73 pWh cm™?) and power density (1000 pW cm™2) at a
current density of 1 mA cm > Ultimately, these findings
favour the promising potential of the flexible WSe,@graphite
composite as the electrode material for symmetric super-
capacitor applications under different pH conditions, with the
choice of electrolyte based on the desired trade-off between
energy, power, and stability.
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