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Flexible supercapacitors are gaining huge attention as energy storage devices for wearable and portable
electronics, owing to their lightweight nature, mechanical flexibility, high power output, and long
operational lifespan. Their ability to maintain performance under bending and deformation makes them
highly suitable for integration into next-generation flexible systems. However, flexible supercapacitor
devices based on conventional polymers often struggle to maintain a balanced performance between
flexibility and energy storage capability. Herein, we report the excellent performance of a NiCuMn oxide
(NCM/O) based highly flexible hybrid supercapacitor (FHS). NCM/O powders were produced using a
facile dealloying approach, resulting in a flaky nanoporous structure. The FHS showed a high areal
capacitance of 414.6 mF cm~2 at 1 mA cm~2 and retained more than 75% of its capacitance even at a
high current density of 6 mA cm™2. The fabricated symmetric FHS demonstrated a notable energy
density of 129.58 pWh cm™2 at a power density of 750 pW cm™2. It also exhibited outstanding long-term
stability, retaining 94.7% of its initial capacitance after 10 000 charge—discharge cycles. Additionally, the
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DOI: 10.1039/d5ma01187f device maintained stable electrochemical performance under various bending conditions, confirming its
mechanical flexibility. Owing to these promising results, the in-house developed large flexible

rsc.li/materials-advances supercapacitor was used as a wristwatch strap, where it functioned reliably for several consecutive days.
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1. Introduction

The rapid advancement and widespread adoption of flexible
and wearable electronics in modern society have spurred an
urgent demand for efficient, lightweight, and flexible energy
storage systems. Among the various available technologies,
flexible supercapacitors have emerged as a highly promising
class of energy storage devices, primarily due to their unique
advantages including high power density, rapid charge-dis-
charge capability, long cycle life, and robust mechanical
flexibility."* These characteristics make them ideal candidates
for integration into next-generation portable and wearable
systems. Nevertheless, achieving flexible supercapacitors with
both high energy and power densities remains a significant
technical hurdle. Overcoming this challenge is largely governed
by the design and development of suitable electrode materials,
which are fundamental to the overall electrochemical perfor-
mance of supercapacitors.””’
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The selection of a suitable electrode material is critical, as it
directly influences the capacitance, rate performance, and long-
term stability of the device. Carbon-based materials such as
graphene, carbon nanotubes, and activated carbon have been
widely employed due to their high electrical conductivity and
large specific surface area.>® However, these materials primar-
ily store charge through the electric double-layer capacitance
(EDLC) mechanism, which restricts their energy density. Con-
ducting polymers, including polyaniline and polypyrrole, can
generally contribute to pseudo-capacitance via faradaic redox
reactions, thereby offering higher capacitance values.'®'" Yet,
these materials often exhibit poor electrical conductivity and
suffer from significant volume changes during cycling, leading
to mechanical degradation and limited lifespan.

Transition metal oxides (TMOs) have gained considerable
attention as alternative electrode materials for supercapacitors.
Their high theoretical capacitance, owing to reversible faradaic
redox reactions and multiple oxidation states, along with good
chemical stability, makes them promising candidates. TMOs
such as RuO,, MnO,, NiO, and Co3;0, have shown encouraging
electrochemical performance.'>> However, their practical
implementation, especially in flexible devices, is hampered by
inherent limitations such as low intrinsic electrical conductivity
and mechanical brittleness, which impair their rate capability
and flexibility under mechanical stress. To overcome these
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shortcomings, recent research has focused on multielement
transition metal oxides (MTMOs). By integrating different metal
cations into a single oxide matrix, MTMOs can leverage syner-
gistic interactions between the constituent metals. This multi-
component strategy can enhance electronic conductivity,
increase electrochemical activity, and improve structural robust-
ness during charge-discharge cycling. Consequently, MTMOs
hold great potential for fabricating high-performance, flexible
supercapacitor electrodes.'®™

Among various synthesis techniques for producing such
materials—such as sol-gel processing, hydrothermal methods,
and electrodeposition—dealloying stands out as a particularly
effective approach.'®?® Unlike traditional methods that often
require complex procedures, prolonged reaction times, and
multistep treatments, dealloying offers a relatively simple,
one-step route to create nanostructured, porous oxide
architectures.>* This method involves the selective removal of
less noble elements from an alloy, resulting in highly porous
frameworks with large surface areas and interconnected ion/
electron pathways. These structural features not only promote
rapid charge transport and ion diffusion but also enhance the
overall electrochemical efficiency of the resulting electrodes.

In this study, we successfully fabricated a flexible hybrid
supercapacitor (FHS) using a straightforward dealloying
approach. A bulk NiCuMn alloy was selectively dealloyed to
remove Mn, resulting in a nanostructured, flaky oxide powder
composed of Ni, Cu and Mn oxides. This powder was drop-cast
onto a 20 pm thin stainless-steel mesh (SM) to form a flexible
electrode. The electrode exhibited outstanding energy storage
performance, attributed to the synergistic contribution of the
TMOs. A symmetric FHS device was assembled, demonstrating
remarkable energy and power densities along with excellent
cycling stability. To evaluate practical applicability, two FHS
units were connected in both series and parallel configurations.
Furthermore, the device was electrochemically tested under
various bending conditions, showing minimal deviation in
cyclic voltammetry behavior, highlighting its potential for
wearable electronics. Finally, large-area electrodes were fabri-
cated and used as a wristwatch strap, underscoring the real-
world applicability of the developed flexible supercapacitor.

2. Experimental section
2.1 Materials

Ni;5Cu;5Mny, alloy casting (NCMAC), stainless steel mesh (SM),
potassium hydroxide (KOH), pellets (purity 99.98%, Thermo
Fisher Scientific)), ammonium sulphate ((NH4),SO,) (purity
99.99%, Sigma-Aldrich), polyvinylidene fluoride (PVDF, Sigma-
Aldrich), super P carbon (purity 99+%, Thermo Fisher scientific),
N-methyl-2-pyrrolidone (NMP, Matlabs technologies), and hydro-
gen fluoride (HF, 40%, Fisher Scientific) were used.

2.2 Synthesis of NiCuMn-oxide (NCM/O) powder

The synthesis of NCM/O powder involves a single-step electro-
chemical dealloying process. The NCMAC alloy was sectioned
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into 100 pm thick sheets using wire electrical discharge
machining (WEDM) and subsequently dealloyed in 2 M
(NH,4),SO, solution at 90 °C for 2 h. Dealloying is an electro-
chemical process in which the less noble element is selectively
leached out from the alloy matrix. In this process, Mn, being
less noble, is preferentially leached out during dealloying in
(NH,4),SO, solution, resulting in the formation of NCM/O
powder. The recovered powder was then thoroughly cleaned
with ethanol and deionized water, followed by drying in a
vacuum oven at 70 °C for 24 hours.

2.3 Synthesis of the SM//NCM/O electrode

SM was ultrasonically cleaned in both HF and DI water for
15 minutes each at 40 °C and then dried in a vacuum oven. The
as-prepared NCM/O powder was thoroughly mixed with Super P
carbon and PVDF in an 8:1:1 ratio. Subsequently, the mixture
was dispersed in NMP solution to form a uniform slurry, which
was then drop-cast onto a cleaned 20 pum thin SM substrate
(shown in Fig. S1) followed by drying in a vacuum oven.

2.4 Material characterization

The NCM/O powder sample was analysed using a field emission
scanning electron microscope (FESEM) (JEOL JSM-7610F Plus)
and transmission electron microscope (TEM) (FEI Titan 80-300)
operated at 200 kV. An X-ray diffractometer (XRD) (Bruker D8
Discover) fit with a Cu-Ko. radiation source (4 =1.54 A) was used
to ascertain the phase composition and crystal structure. The
scanning process was conducted at a rate of 0.02° min~".
A micro-Raman spectrometer (STR, India) was used to measure
the Raman spectra. The thin oxide layer formed during the
dealloying process was examined using X-ray photoelectron
spectroscopy (XPS) (1.486 keV, Scienta Omicron Nanotechnol-
ogy) with a monochromatic Al-Koa X-ray source. The acquired
spectra were subsequently deconvoluted and analysed using
CasaXPS software (V2.3). Additionally, the specific surface area
was calculated using Brunauer-Emmett-Teller (BET) (Autoab-
sorb 6100/Anton Paar) analysis. The mechanical strength of the
developed electrode was investigated using the universal test-
ing machine (UTM) (Instron 3366, US).

2.5 Electrochemical characterization

The electrochemical characteristics of the prepared electrode
were evaluated using a conventional three-electrode configu-
ration with a Biologic VSP-3e potentiostat. The SM//NCM/O
electrode was used as the working electrode, while a high-purity
graphite rod acted as the counter electrode. A saturated calomel
electrode (SCE) was used as the reference electrode, and 1 M
KOH solution served as the electrolyte medium. Cyclic voltam-
metry (CV) measurements were performed at scan rates of 1 to
30 mV s~ '. Subsequently, galvanostatic charge-discharge
(GCD) tests were carried out at current densities of 3 to
20 mA cm 2. Areal capacitance was determined by analyzing
the discharge duration alongside the current density. Further-
more, electrochemical impedance spectroscopy (EIS) was per-
formed at the open-circuit potential (Eocp) within a frequency
range from 0.01 Hz to 100 kHz, employing a 10 mV AC voltage

© 2026 The Author(s). Published by the Royal Society of Chemistry
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stimulus. The collected data were fitted using an Echem Analyst
7.03 to generate an equivalent electrical circuit (EEC). Addi-
tionally, symmetric supercapacitor (SC) cells were constructed
using SM//NCM/O electrodes for both the cathode and anode
sides, a cellulose-based NKK separator, and a 3 M KOH electro-
lyte solution. The electrochemical performance of these sym-
metric SCs was investigated based on their total electrode area.
CV tests were conducted at scan rates of 5 to 40 mV s *, while
GCD measurements were performed at current densities of 1 to
6 mA cm 2. The VSP-3e potentiostat was used to acquire both
the charge-discharge profiles and the cyclic voltammograms
within a voltage range of 0-1.5 V. Cycling stability was further
evaluated by repeating 10000 charge-discharge cycles at a

current density of 4 mA cm™ 2,

3. Results and discussion

3.1 Microstructure

The synthesis procedure for the NCM/O powder electrode is
illustrated in Fig. 1. The NCM alloy was dealloyed in (NH,),SO,4
solution to produce multicomponent nano-porous oxide pow-
der (NCM/O). The NCM/O powder was then drop cast over
20 um thick stainless steel mesh (Fig. S1) to fabricate a flexible
electrode. The surface morphology of the as-synthesized NCM/
O powder, as observed by FESEM, is shown in Fig. 2(a-b). A low
magnification image shows a uniform porous structure of the
powder particles (Fig. 2a) as a result of selective dealloying. A
high magnification image reveals that the powder structure is
flaky and nano-porous (Fig. 2b). A TEM image of the powder
particle confirms the presence of fine nano-needles on a flake
surface (Fig. 2¢). The TEM EDS line scan analysis of the NCM/O
powder is shown in Fig. 2d, while its elemental mapping is
shown in Fig. 2e. The EDS analysis indicates a minimal Mn

Dealloying in (NH,),SO,
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atomic fraction, which is attributed to its selective leaching
from the Ni-Cu-Mn alloy system. Furthermore, the powder
particle core was found to be enriched with metallic Ni and Cu,
while its shell has a high oxide fraction. The EDS analysis also
indicates enrichment of its outer surface with CuO nano-
needles. The fabricated electrode was found to be super-
flexible (Fig. S2). In addition, the electrode demonstrated
appreciable mechanical strength, as determined through uni-
axial tensile testing, wherein the electrode showed an ultimate
tensile strength of 68.57 MPa along with 2.8 percentage elonga-
tion (Fig. S3).

The surface area of the developed nano-porous NCM/O
powder was obtained using BET analysis. The resulting nitro-
gen adsorption-desorption isotherm (Fig. 3a) exhibits a Type IV
curve with an H3-type hysteresis loop, indicative of a meso-
porous structure.>>”>* The pore size distribution, shown in the
inset of Fig. 3a, reveals that the majority of the pores are
smaller than 20 nm. The specific surface area of the NCM/O
powder, as determined by BET analysis, is calculated to be
9.4 m* g '. The crystal structure of the NCM/O powder was
analysed using XRD, as shown in Fig. 3b. The diffraction peaks
observed at 43.9° 51.17°, and 74.9° correspond to a single-
phase face-centered cubic (FCC) structure, while the peaks at
36.7° and 61.6° indicate the presence of a rock-salt type oxide.>®
A peak near ~ 36.8° corresponds to MnO, (JCPDS: 00-044-0141),
while a peak at ~43.8° indicates NiO (JCPDS: 04-0835). Further-
more, a peak at ~51.1° corresponds to Mn,O;z (JCPDS: 06-
0540), while a peak at ~61.6° and 74.8° belongs to CuO (JCPDS:
01-089-2529) and MnO (JCPDS: 00-075-1090), respectively. The
broadening of several peaks can be attributed to the nanopor-
ous nature of the material, which results from the selective
removal of Mn. Furthermore, XPS analysis was conducted to
investigate the surface composition and oxidation states of the

Dried NiCuMn/O powder

v

Filtration of
NiCuMn/O

Drop cast on SM

P R & s

Fig. 1 Schematic illustration of the step-by-step fabrication process of the SM//NCM/O electrode.
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(a) and (b) FESEM images of NiCuMn/O powder, (c) TEM image of NiCuMn/O powder, (d) line scan showing elemental distribution, and (e)—(h)
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(a) Nitrogen adsorption—desorption isotherm, and the inset of (a) shows pore size distribution, (b) XRD pattern, (c) XPS survey spectra, high-

resolution XPS spectra of (d)—(g) Ni 2p, Cu 2p, Mn 2p, and O 1s, and (h) Raman spectra.

NCM/O powder. The XPS survey spectra were calibrated using
the C 1s peak at 284.6 eV. The survey spectrum (Fig. 3c)
confirms the presence of Ni, Cu, Mn, and O elements in the
NCM/O powder. In the high-resolution XPS spectrum of Ni 2p
(Fig. 3d), the peaks at 855.8 eV and 873.2 eV correspond to Ni*",
while the peaks at 856.9 eV and 875.1 eV correspond to Ni**,
Additionally, two satellite peaks are observed at 861.9 eV and
880.2 eV.*® In the high-resolution XPS spectrum of Cu 2p
(Fig. 3e), the peaks at 932.8 eV and 952.6 eV correspond to
Cu', while the peaks at 934.67 €V and 954.47 eV are attributed
to Cu®". Additionally, a satellite peak observed at 941.67 €V is
associated with Cu’, whereas the satellite peaks at 943.88 eV

1206 | Mater. Adv, 2026, 7,1203-1212

and 962.58 eV confirm the presence of Cu®".>’ Fig. 3f presents
the high-resolution XPS spectrum of Mn 2p. The peaks
observed at 641.87 eV and 653.38 eV are attributed to Mn?",
while the peaks at 643.68 eV and 654.66 eV correspond to Mn>",
Additionally, a satellite peak at 642.17 eV further confirms the
presence of Mn**.*® Fig. 3g displays the high-resolution XPS
spectrum of O 1s. The peaks at 529.95 eV, 531.6 eV, and
532.95 eV are attributed to lattice oxygen in metal oxides
(M-0), surface hydroxyl groups (-OH), and adsorbed oxygen
species, respectively.”® Furthermore, the Raman spectrum
(Fig. 3h) was analysed to reconfirm the chemical species pre-
sent on the specimen. Characteristic peaks observed at 290,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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465, 573, 650, and 730 cm™ " correspond to CuO, NiO, MnO,
Mn,03;, and Ni,03, respectively, supporting the findings from
the XPS analysis. Additionally, peaks at 514 and 608 cm ' are
attributed to the presence of mixed metal oxides.*’

3.2 Electrode performance

The electrochemical performance of the flexible SM//NCM/O
electrode was evaluated using a conventional three-electrode
configuration. In this setup, the SM//NCM/O electrode served as
the working electrode, a graphite rod acted as the counter
electrode, and a saturated calomel electrode (SCE) was used as
the reference. All measurements were conducted in a 1 M KOH
aqueous electrolyte. Cyclic voltammetry (CV) tests were conducted
at various scan rates ranging from 1 to 30 mV s~ ' (Fig. 4a). The CV
curves exhibited a wide stable window of 1.5 V between —1.0 V
and 0.5 V. The quasi-rectangular shape of the CV curve combined
with multiple distinct redox peaks is indicative of a hybrid charge
storage mechanism involving both electric double-layer capaci-
tance and surface-confined faradaic reactions. Notably, cathodic
peaks appear around -0.4 V and -0.1 V, while prominent anodic
responses are observed at —0.8 V, —0.35 V, and 0.26 V. The anodic
peak on the positive potential window is attributed to the
Ni**/Ni** redox couple. The cathodic signal at -0.8 V corresponds
to the reduction of Cu* to Cu’. The remaining redox features are
likely associated with the synergistic electrochemical interactions
arising from the mixed metal oxides present in the electrode
material. The intensity and area under the CV curves increased
with the scan rate, while the drift in the peak position was
minimum, indicating good reversibility and fast redox kinetics.
Galvanostatic charge-discharge (GCD) testing was carried out
at a series of current densities ranging from 3 to 20 mA cm™>

(Fig. 4b). The resulting GCD curves revealed nonlinear

@
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charge-discharge profiles with evident plateau, further confirm-
ing the hybrid nature of the electrode. The specific capacitance
was calculated from the discharge segment of the GCD curves
using the relation C = I-At/AV, where I is the areal current density,
At is the discharge time and AV is the potential window. The
maximum specific capacitance achieved was 1614 mF cm™ > at a
current density of 3 mA cm ™. Notably, even at a high current
density of 20 mA cm ™2, the electrode offers a specific capacitance
of 1213 mF cm ™ (Fig. S4), reflecting excellent rate capability and
rapid ion/electron transport within the electrode. To further
evaluate the dominant charge storage behavior, the relationship
between peak current (i) and scan rate (v) was analyzed using the
power law equation:

i=a’

where a and b are the constants. The slope (b-value) of the log(7)
vs. log(v) plot was calculated to be 0.7 (Fig. 4c), which suggests
that the charge storage is primarily diffusion-controlled rather
than purely capacitive. A b-value close to 0.5 typically signifies a
battery-type diffusion-controlled process, while a b-value near
1.0 reflects ideal surface-controlled capacitive behavior. Hence,
the observed value of 0.7 confirms the mixed nature of energy
storage, where faradaic redox reactions occurring within the
bulk or interior of active materials contribute significantly to
the overall capacitance. To further quantify the contributions
from each mechanism, the total current at a given potential i(V)
was separated into capacitive and diffusion-controlled compo-
nents using the following relation:

i(V) = ky + k'

where kv represents the capacitive contribution and k">
accounts for the diffusion-controlled contribution. By plotting
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Fig. 4 Three-electrode electro-chemical data of the SM//NCM/O electrode: (a) cyclic voltammetry curves at different scan rates, (b) GCD curves at
different current densities, (c) log/, vs. log v graph, (d) bar plot of capacitance contributions at different scan rates, (e) capacitance contribution at 10 mV

s71 CV, and (f) the Nyquist plot.
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i(V)v"* versus v*?, the constants k, and k, can be extracted.
This method, often referred to as Dunn’s method, allows the
capacitive and diffusive contributions to be estimated at var-
ious scan rates. Fig. 4d presents the contribution percentage
graph at different scan rates. At 5 mV s ', the capacitive
contribution was calculated to be ~70%, while the remaining
30% originated from diffusion-controlled processes. As the
scan rate increased from 5 to 10 mV s ', the capacitive
contribution increased steadily up to ~77%. Fig. 4e shows
the capacitive and diffusive contributions for CV performed at
10 mV s~ . EIS was performed to evaluate the charge transport
properties and interfacial behavior of the flexible hybrid elec-
trode. The EIS measurement was carried out over a frequency
range of 0.01 Hz to 100 KHz with an applied AC amplitude of
10 mV. The Nyquist plot (Fig. 4f) modeled with an equivalent
electrical circuit (EEC) (Fig. S5) reveals key insights into the
resistive and capacitive elements within the system. In the
high-frequency region, the intercept on the real axis represents
the solution resistance (R;). The very low R, value of 0.63 Q
indicates fast ion transport within the electrolyte and negligible
ohmic losses arising from the specimen. To the best of our
knowledge, only two published studies have reported EIS
measurements for the same material system and electrolyte
used in this work. Kang et al.*" reported a solution resistance of
35 Q, while Zhang et al.** reported a value of 2.5 Q. In our
measurements, the solution resistance was significantly lower,
at 0.63 Q. Such a low R confirms that the electrolyte and
electrode surface are well integrated, which is essential for
minimizing voltage drops during rapid charge-discharge
processes.

The depressed semicircle observed in the mid-to-high fre-
quency region corresponds to the charge-transfer resistance
(Rp1), which captures the kinetics of faradaic reactions or sur-
face redox processes occurring at the electrode-electrolyte
interface. The small R,; value suggests that electrons can be
rapidly transferred between the active material and the sub-
strate during charging and discharging. This improved inter-
facial charge transfer is enabled by (i) the continuous
conductive network formed by the hybrid architecture, (ii) the
intimate bonding between active materials and the flexible
current-collecting matrix, and (iii) efficient electrolyte penetra-
tion and wetting due to the superhydrophilic nature of the
electrode (Video S1). Altogether, these factors reduce interfacial
barriers and facilitate fast electrochemical kinetics. In the low-
frequency region, the plot transitions into a nearly vertical line,
characteristic of rapid ion diffusion and good electrolyte acces-
sibility to redox-active sites, critical for sustaining performance
at high rates. This behaviour can be attributed to the porous
architecture, high surface area, superhydrophilic nature and
well-integrated conductive framework of the hybrid electrode.
The porosity and interconnected channels facilitate fast elec-
trolyte penetration and ion diffusion throughout the electrode,
while the high surface area provides abundant redox-active
sites accessible to electrolyte ions. Overall, the combination
of low R, low R, and the near-vertical low-frequency response
signifies that the flexible hybrid electrode possesses (i) excellent
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ionic and electronic conductivity, (ii) fast interfacial charge-
transfer kinetics, and (iii) highly accessible, well-wetted pores.
These features collectively contribute to enhanced rate capabil-
ity, reduced internal resistance, and improved cycling stability,
ultimately translating into superior electrochemical perfor-
mance for the flexible supercapacitor.

3.3 Device performance

The electrochemical performance of the assembled FHS was
systematically evaluated in a two-electrode configuration. The
device was assembled using two identical electrodes (SM//
NCM/O), separated by a cellulose-based NKK separator dipped
in 3 M KOH solution.

Fig. 5a illustrates the CV curves recorded at scan rates
ranging from 5 to 50 mV s~ (Fig. 5a). These curves exhibit a
hybrid shape, combining nearly rectangular features with dis-
tinct redox peaks, which indicates the simultaneous presence
of electric double-layer capacitance and faradaic processes. The
CV profile indicates that the device maintained the wide and
stable potential window of 1.5 V. Fig. 5b presents the GCD
curves obtained at current densities between 1 and 6 mA cm ™.
Areal specific capacitance values were calculated from the
discharge times derived from these GCD measurements, as
shown in the Fig. S6. Impressively, the device demonstrated
high areal capacitance, ranging from 414.6 mF cm > at
1 mA em™? to 312 mF em ™ at 6 mA cm ™ >. The GCD curves
also reveal the hybrid nature of the device, characterized by
excellent charge-discharge reversibility and a negligible IR
drop, even at higher current densities. These attributes point
to low internal resistance and efficient charge transfer kinetics.
Moreover, the stable performance across the extended 1.5 V
window further validates the device’s electrochemical reliabil-
ity. This broad voltage range exceeds the typical limit (~1 V) for
symmetric devices and plays a crucial role in boosting energy
density, as energy scales with the square of the voltage
(E = 1/2CV?). The device exhibits an outstanding energy density
of 129.58 uWh cm ™2 at a current density of 1 mA cm ™2, which
remains appreciably high at 97.5 yWh cm ™2 even at 6 mA cm™>.
Additionally, it delivers a strong power density, reaching
750 UW cm™ 2 at 1 mA em ™ 2 and increasing to 4500 uW cm ™2 at
6 mA cm 2 These results compare favourably with several
previously reported studies, reflecting the promising perfor-
mance of the device. The Ragone plot (Fig. 5c) provides a
comparative analysis between the performance of the present
device and those reported in earlier studies.**™*° To assess long-
term operational stability, the device was subjected to contin-
uous cycling at a current density of 4 mA cm ™ for 10 000 cycles.
The XRD patterns (Fig. S7) of both specimens (before and after
cycling) were found to be nearly identical, indicating that no
significant structural changes occurred during long-term
cycling.

Impressively, it retained 94.7% of its initial capacitance, as
illustrated in Fig. 5d, demonstrating excellent cycling stability.
These findings confirm the robustness of the electrode material
under prolonged electrochemical operation. Overall, the study
establishes this material system as a highly promising

© 2026 The Author(s). Published by the Royal Society of Chemistry
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candidate for next-generation high-performance flexible energy
storage systems.

3.4 Practical applications

To demonstrate the practical applicability of the fabricated
flexible supercapacitor, two devices were connected in both
series and parallel configurations. The CV and GCD curves for
both series and parallel arrangements are shown in Fig. 6a and
b, respectively. In the series arrangement, the combined device
exhibited an extended voltage window of 3 V, as observed from
the CV curves, while maintaining an almost similar current
response. This is crucial for powering devices that require
higher operating voltages. In the parallel configuration, the
CV curves showed an increased current response in the same
voltage window, indicating enhanced charge storage capability.
Similarly, GCD measurements revealed that the series connec-
tion resulted in an increased potential window, whereas the
parallel arrangement exhibited increased discharge durations
at a constant voltage window, confirming improved capacity.
These results collectively demonstrate the scalability and
practical utility of the devices for real-world energy storage
applications. The electrochemical testing of the fabricated
supercapacitor device under bending conditions was carried
out to assess its mechanical robustness and performance

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

stability under real working conditions. The CV data for the
device while it was subjected to various bending angles, includ-
ing flat (0°), 45°, 90°, 135°, and 180°, are shown in Fig. 6¢c. The
CV curves retained their shape with minimal distortion across
all bending states, indicating excellent structural integrity and
stable electrochemical behaviour. Even after multiple bending
cycles at 135°, the CV profiles remained nearly unchanged, further
confirming the device’s mechanical robustness (Fig. S8). These
results demonstrate that the device possesses superior flexibility
and is well-suited for applications in next-generation wearable
and portable energy storage systems.

After validating the superior flexibility and electrochemical
performance of the fabricated flexible supercapacitor, we pro-
ceeded to demonstrate its practical integration into wearable
electronic devices. As a proof-of-concept, we designed a wrist-
watch strap embedded with a flexible SC module to showcase
its real-world applicability. For this purpose, four flexible
electrodes of dimensions 21 cm x 2 cm (Fig. 6d) were fabri-
cated. These fabricated electrodes were used to assemble two
supercapacitor devices. These supercapacitors were assembled
in a series configuration to enhance the overall output voltage
of the device, aligning with the typical power requirements of
wearable electronics. The resulting flexible SC was then used as
a wristwatch strap (FSWS) of a wristwatch. The pre-installed

Mater. Adv., 2026, 7,1203-1212 | 1209
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Li-ion battery in the wristwatch was carefully removed, as
shown in Fig. 6e, and replaced with the in-house fabricated
FSWS (Fig. 6f). This integration effectively powered the wrist-
watch, demonstrating the practical viability of the flexible SC in
wearable electronics. Notably, the FSWS powered wristwatch
operated continuously, and the snapshots for first three days
are shown in Fig. 6(g-i). The video of the running wristwatch is
shown in Video S2 in the SI, confirming the device’s capability
to serve as a sustainable energy source for low-power wearable
applications.

4. Conclusion

In summary, a TMO based flexible supercapacitor electrode was
successfully developed and its electrochemical performance
was assessed using a three-electrode setup. The electrode
exhibited a specific capacitance of 1614 mF cm 2 at a current
density of 3 mA ecm ? and retained ~75% of the specific
capacitance even at a high current density of 25 mA cm 2.
Following this, a symmetric supercapacitor device was
assembled using two identical electrodes, which demonstrated
stable operation with a device capacitance of 414.6 mF cm ™2 at
1 mA cm 2 and a voltage window of 1.5 V. The assembled
supercapacitor exhibits excellent rate capability, retaining over
75% of its capacitance as the current density increases from 1
to 6 mA cm 2. The device also showed exceptional cycling

1210 | Mater. Adv., 2026, 7,1203-1212

stability, retaining 94.7% of its initial performance after
10000 charge-discharge cycles. Additionally, it delivered a high
power density ranging from 750 W cm™ > to 4500 pW cm 2, along
with an impressive energy density between 129.58 uWh cm > and
97.5 uWh cm™2, confirming its suitability for practical energy
storage. To further explore its real-world applicability, larger
electrodes were fabricated and integrated as a flexible wristwatch
strap. The custom-made supercapacitor strap successfully
replaced the conventional Li-ion battery and was able to power
the wristwatch continuously for several days. These results clearly
demonstrate the promise of the TMO based fabricated flexible
supercapacitor as a reliable, scalable, lightweight, high strength
and bendable power source for wearable electronic applications.
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