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evaluation of low-cost flexible
supercapacitors based on nickel-coated activated
carbon textile electrodes

Paola G. Vilchis-Gutiérrez,ab José A. Ávila-Niño,*c Ma. Dolores Durán-Garćıa, *a

Marquidia J. Pacheco-Pachecod and Iván G. Mart́ınez-Cienfuegosa

This study presents the development of low-cost flexible supercapacitors (SCs) based on cotton textile

electrodes impregnated with activated carbon (AC) and coated with nickel via sputtering. The

electrochemical performance was optimized by varying the activated carbon (AC) ink immersion cycles

(1, 3, and 5 immersions, corresponding to 0.0727, 0.2041, and 0.2936 grams, respectively) and the

sputtered nickel amount (0.011, 0.002, 0.0029, and 0.0032 grams corresponding to 1, 3, 10 and 15

minutes of deposition, respectively). We found that a moderate nickel deposition improved electron

transport and reduced charge transfer resistance, while excessive deposition can block pores and

decrease capacitance, nevertheless the presence of nickel improves the stability of the device, for

example, the configuration of the electrodes with 0.2041 g of AC and 0.002 g of Ni shows a specific

capacitance of 382.40 mF cm−2 (at 5 mV s−1) and a high stability (95.76%) after 1000 cycles. These

findings demonstrate that balancing carbon and nickel coating content is a critical parameter for the

good electrochemical performance of SCs. This work advances the design of flexible, lightweight, and

wearable supercapacitors, paving the way for high-performance and sustainable energy solutions for

portable electronics and sustainable energy storage.
Introduction

The global demand for sustainable energy solutions has accel-
erated the development of advanced electrochemical energy
storage technologies. Among these, supercapacitors (SCs) stand
out for their high-power density, rapid charge–discharge capa-
bility, and long cycle life, making them ideal for applications in
electric vehicles, portable electronics, and wearable devices.
Flexible SCs have gained particular attention due to their
potential integration into textiles and wearable systems. Recent
advancements have explored high-performance materials such
as MXene-based composites, polymer gel electrolytes, and
hybrid carbon-metal structures, achieving notable improve-
ments in capacitance and stability.1 However, many of these
approaches involve complex fabrication processes and high
costs, limiting their scalability and accessibility.
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Textiles made from natural or synthetic bres have evolved
with the development of functional cotton fabrics, enabling the
creation of SC prototypes in textile bres for energy storage.
These materials diversify substrate options for exible devices,
opening new possibilities in the eld of wearable and energy
storage technology.2–4

The electrochemical performance of nickel-coated activated
carbon SCs is an emerging eld that combines the benets of
advanced materials such as activated carbon and nickel for
enhanced energy storage applications;5 nickel is chosen due to
its high theoretical specic capacitance, high reserves, and low
cost. When used as a coating on activated carbon electrodes,
nickel forms an efficient composite that leverages the cyclic
stability and general performance of SCs.6 Using nickel-coated
textiles also introduces exibility and lightweight properties,
making them suitable for wearable and portable energy storage
devices.7,8

Activated carbon is a preferred material for supercapacitor
applications due to its high surface area, excellent conductivity,
and ability to support double-layer capacitance.9,10 Nickel-based
electrodes, such as nickel hydroxide or nickel oxide, have been
shown to provide enhanced energy storage due to their ability to
undergo reversible faradaic reactions, making them ideal for
hybrid SCs.11

In this work, we propose a novel and accessible alternative:
cotton textile electrodes impregnated with activated carbon and
© 2026 The Author(s). Published by the Royal Society of Chemistry
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coated with nickel via sputtering. Cotton offers a exible, low-
cost, and abundant substrate, while activated carbon provides
high surface area and excellent conductivity. Nickel enhances
electrochemical performance by improving conductivity and
stability, provided its deposition is carefully controlled to avoid
pore blockage.

Using a simple and reproducible dipping–impregnation and
sputtering method, 45 SC prototypes were fabricated and
characterized. Key parameters such as specic capacitance,
energy density, internal resistance, and cyclic stability were
evaluated. The results demonstrate competitive performance
compared to state-of-the-art exible SCs, positioning this
approach as a viable solution for scalable, sustainable, and
high-performance energy storage in wearable electronics.

Nickel-coated activated carbon textile electrodes represent
a promising direction in developing high-performance SCs. By
optimizing the interaction between nickel and activated carbon,
researchers aim to enhance the electrochemical properties of
these devices, making them suitable for various applications,
from portable electronics to electric vehicles.12,13

The novelty of this work lies in the systematic optimization
of cotton-based textile electrodes impregnated with activated
carbon and coated with nickel by sputtering. Unlike previous
reports that focused on carbon nanotube yarns or complex bre
processing routes, our approach employs an abundant, low-cost
cotton substrate combined with a simple dipping-impregnation
and sputtering method. This strategy enables precise control of
both carbon loading and nickel thickness, allowing us to
correlate surface area, conductivity, and capacitance with
fabrication parameters. The resulting devices achieve competi-
tive areal capacitances and excellent cycling stability while
maintaining methodological simplicity and scalability. These
features distinguish our study from earlier Ni–carbon textile
electrodes and highlight its potential for affordable, exible,
and wearable energy storage applications.

Materials and methods

The main goal of this research is to characterize the electro-
chemical performance of carbon-nickel textile SCs. This
includes everything from its design to leveraging the unique
properties of cotton fabric as a substrate and AC as an electrode
material. AC was chosen due to its high surface area and
favourable electrochemical properties, and nickel was selected
as an additive to improve the conductivity and stability of the
device. A methodological approach has been employed, ranging
from the selection and preparation of materials to the charac-
terization and evaluation of the electrochemical properties of
the manufactured supercapacitors.

The synthesis and preparation of the SC components
involved detailed methodologies, including substrate prepara-
tion, carbon treatment, nickel deposition, and device assembly.
The process also incorporated advanced characterization tech-
niques, such as scanning electron microscopy (SEM), energy
dispersive spectroscopy (EDS), cyclic voltammetry (CV), galva-
nostatic charge–discharge (GCD), and electrochemical imped-
ance spectroscopy (EIS), to evaluate the physical, chemical, and
© 2026 The Author(s). Published by the Royal Society of Chemistry
electrochemical properties of the materials and devices. The
experimental procedure examined various combinations of key
factors, including the number of immersions in activated
carbon ink and nickel deposition times. To ensure the reliability
of the ndings, all tests were conducted in triplicate, yielding 45
supercapacitor prototypes. The electrode fabrication process
followed the methodology established in previous research.14
Supercapacitor conguration

Substrate preparation. In the present work, considering the
proposals by Liu et al. and Wang et al.,3,15 we previously washed
the cotton fabric substrates to remove impurities, mainly fats,
using a non-ionic biodegradable detergent and dried them at
room temperature before cutting them to a size of 5 cm × 5 cm.
Then, cotton substrates were immersed in a solution of ethanol/
deionized water in a 3 : 2 ratio, using 300 mL of ethanol and
200 mL of water, and then subjected to an ultrasonic bath for 20
minutes. It was then dried in a natural convection oven at 110 °
C for 20 minutes on each side, and its mass was recorded using
an analytical balance.

Synthesis of activated carbon ink. The activated carbon ink
synthesis was made using ground AC powder—Sigma-Aldrich®
brand activated carbon, which was subjected to 40 hours of
mechanical grinding to reduce the grain size and thus have
better adhesion to the cotton fabric and optimal diffusion in the
solution (ink)—, deionized water as a solvent, and dode-
cylbenzene sodium sulfonate (DBSS) as a surfactant to homo-
geneously disperse the activated carbon particles and promote
their impregnation into the cotton bres, to enhancing coating
uniformity and wetting, without directly contributing to
capacitance;16–18 then, an activated carbon ink was made from 4
grams of AC and 1 g of DBSS, dissolved in 50 mL of deionized
water, which was subjected to an hour of ultrasonic bath.

Impregnation of ink on the substrate. The pieces of cotton
fabric were immersed in the ink and placed in an ultrasonic
bath for 30 minutes, aer which they were placed in an oven for
15 minutes per side at 110 °C to remove moisture, repeating the
process once, three, and ve times.

Nickel coating synthesis. Nickel deposition was performed
using magnetron sputtering. Several authors used this tech-
nique in textile bres.16,19 In the present work, a nickel coating
was deposited on cotton textile bre substrates impregnated
with activated carbon ink by sputtering. A nickel plate was used
as a target, and the process was carried out in an argon atmo-
sphere at 150 W for 15, 10, 3, and 1 minutes, to compare the
electrochemical behaviour of electrodes containing different
amounts of this metal in their structure. To deposit a Ni thin
lm on cotton substrates impregnated with AC, sputtering
equipment was used. A xed power of 150 Watts was applied, in
an argon atmosphere at approximately 2.5 × 10−2 Torr, reach-
ing a temperature of roughly 40 °C.

Supercapacitor prototype assembly. Textile electrodes were
cut into 2-cm diameter circle disks. A lter separator of mixed
cellulose esters (Merk Millipore membrane 0.45 mm pore size,
150 mm thick) and an aqueous 1 M KOH electrolyte were used.
For the SC assembly, two stainless steel disks were used as
RSC Adv., 2026, 16, 8154–8165 | 8155
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Table 1 BET analysis for different carbon content electrodes

Electrode Surface area [m2 g−1]

1C + 0Ni 188.41
3C + 0Ni 243.05
5C + 0Ni 360.09

Table 2 BET analysis for different nickel content electrodes

Electrode Surface area [m2 g−1]

5C + 1Ni 310.83
5C + 3Ni 331.72
5C + 10Ni 161.81
5C + 15Ni 146.12
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current collectors using a stainless-steel cell to press the elec-
trodes and guarantee the contact between the current collectors
and the electrodes.

For the exible prototype, two aluminium foil sheets in
contact with the electrodes served as current collectors, and the
SC was then encapsulated within a polypropylene package,
using the electrolyte solution containing poly (vinyl alcohol) to
form a KOH : PVA (1 : 1) gel.

Experimental design

Fieen prototypes were obtained andmeasured three times (45 in
total); error bars were included by using standard deviations. The
combination of AC immersions and Ni depositions yields the
following electrodes: the 1C electrodes (1 AC immersion) with
varying Ni sputtering times: 1C + 0Ni, 1C + 1Ni, 1C + 3Ni, 1C +
10Ni, and 1C + 15Ni, corresponding to Ni depositions of 0, 1, 3, 10,
and 15 minutes, respectively. The same nomenclature was
repeated for the electrodes with 3 AC immersions (3C + 0 Ni, 3C +
1Ni, 3C + 3Ni, 3C + 10Ni, and 3C + 15 Ni), and for 5 AC immersions
(5C + 0 Ni, 5C + 1Ni, 5C + 3Ni, 5C + 10Ni, and 5C + 15 Ni).

Physicochemical characterization of the SCs yielded key
results for the electrodes. SEM was performed to observe and
quantify the elements present in the electrodes. Further char-
acterization of the electrodes was performed by measuring their
thickness, weight, and electrical conductivity, the latter
measured using a four-point probe technique with a Keithley
B2902A Source Measure Unit. The Brunauer–Emmett–Teller
(BET) specic surface area and pore width were determined
with an Autosorb iQ. Surface area and pore width were calcu-
lated according to the Dubinin–Radushevich (DR) method,20 as
they are key parameters in evaluating the surface area of the
electrodes due to the carbon impregnation of the cotton
substrates and due to Ni incorporation by sputtering.

Electrochemical characterization was performed using a SP-
150 Biologic potentiostat. The equations for obtaining capaci-
tance by CV and GCD techniques, energy, and power densities
are described below:

Capacitance from CV: CCV ¼
Ð
Idt

2vaDv
; where I is the constant

current, t is time, n is the scan rate, a is the active area of the
electrode, and DV is the potential window.

From GCD, capacitance is calculated as follows:

CGCD ¼ IDt
aDV

, where I is the discharge current, a is the area of

the active material, DV is the voltage window, and Dt is the
discharge time.21

Energy density was calculated following the equation

E ¼ 1
2
CTðDVÞ2, while power density P ¼ E

Dt
, where E and P are

energy and power densities, and CT is the total capacitance.21

Results and discussion

BET data (Tables 1 and 2) show that the surface area increases
with carbon loading (1C / 3C / 5C) and generally decreases
with nickel deposition. It is inferred that Nickel particles may
partially block the pores or cause some densication of the
8156 | RSC Adv., 2026, 16, 8154–8165
material, leading to a reduced surface area, which is consistent
with the results obtained by Tai et al.22 for Ni-coated
polyacrylonitrile-based activated carbon fabric electrodes for
SCs. For example, tests on electrode 5C + 0Ni show the highest
surface area due to its unblocked, porous structure, which
maximizes potential adsorption sites.

Conversely, nickel deposition on the electrodes (5C + 1Ni, 5C
+ 3Ni, etc.) results in a progressive decrease in surface area,
reaching its lowest value in the 5C + 15Ni electrode (146.12 m2

g−1). However, the 5C + 3Ni electrode is an exception, showing
a slight increase in surface area. This tendency supports the
idea that Ni particles may inltrate or coat the carbon porous
network, causing pore blockage. Consequently, Ni deposition
limits the electrode's capacity for applications on high surface
areas, such as in SCs. However, as it can be shown below in this
work, there are special electrode congurations where Ni could
enhance the specic capacitance of the SCs and also improve
the cyclic stability and the resistance of the electrode, making
moderate Ni adhesion a good approach to enhance the SC
electrochemical performance.

We found that sheet resistance decreases monotonically
with both AC impregnation cycles and metallic Ni deposition,
indicating improved electron transport pathways (Fig. 1). In
a previous work, we found that XRD spectrum of this type of
electrode shows a Ni (111) peak consistent with metallic Ni
presence at low thickness on AC-cotton.14

Then, Ni addition enhances the electrical conductivity of the
electrode, meaning that the presence of nickel appears to
improve electron transport within the electrode. The trend for
electrodes containing most Ni conrms that nickel signicantly
reduces electrical resistance across different carbon
concentrations.

Throughout this paper, the effect of carbon ink immersions
on electrodes with a constant nickel content was investigated. It
was observed that increasing the carbon content tends to
reduce the sheet resistance. This fact suggests that a higher
carbon content contributes to better conductivity, possibly due
to a more interconnected conductive network within the
material.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Sheet resistance vs. AC immersions.

Table 3 Weights and thicknesses of AC-Ni textile electrodes

Sputtering time (min) 1 3 10 15

Weight (g) 0.0011 0.002 0.0029 0.0032
Thickness (nm) 14.06 78.9 142.53 366.3

Fig. 2 Specific capacitance vs. scan rate obtained by CV: (a) electrodes w
5C electrodes.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 shows the weights and thicknesses of the nickel
deposit onto the AC-Ni textile electrodes for each of the sput-
tering time. Specic capacitances were obtained for each
prototype in triplicate to ensure the reliability of the results.

Cyclic voltammetry (CV) curves reveal that the incorporation
of nickel signicantly modies the capacitive response of the
cotton-AC electrodes (Fig. 2).

The specic capacitance decreases progressively with
increasing scan rate for all samples (Fig. 2), a behavior attrib-
uted to the limited accessibility of the electrolyte to the inner
pores at high sweep speeds. Among the tested congurations,
the 5C + 0Ni prototype consistently exhibits the highest capac-
itance values across all scan rates, followed by 3C + 0Ni and 1C +
0Ni. At low scan rates, the advantage of the 5C + 0Ni electrode
becomes particularly evident; for example, at 5 mV s−1 it rea-
ches 551 mF cm−2, reecting a superior energy storage capacity
compared to the other prototypes. This trend is consistent with
the increased surface area resulting from higher activated
carbon loading, conrming the direct correlation between
immersion cycles and accessible porosity for charge storage.

SCs subjected to a single AC ink immersion are shown in
Fig. 2(b), where it is observed that the 1C + 1Ni SC has the
highest specic capacitance value at all scanning rates (109.16
ith different load of Cwithout Ni, (b) 1C electrodes, (c) 3C electrodes, (d)

RSC Adv., 2026, 16, 8154–8165 | 8157
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mF cm−2 at 5 mV s−1), followed by 1C + 3Ni (63.05 mF cm−2 at
5 mV s−1). The prototypes subjected to 10 and 15 minutes of Ni
sputtering showed lower Cs values compared to the other
characterized prototypes. Adding a moderate amount of nickel
(1Ni and 3Ni) appears to improve Cs than 1C + 0Ni, but higher
amounts of nickel reduce the Cs of the devices.

Fig. 2(c) denotes the SCs with 3 AC immersions, the 3C + 1Ni
prototype has the highest value of Cs (382.40 mF cm−2 at 5 mV
s−1), followed by 3C + 3Ni (208.46 mF cm−2 at 5 mV s−1); it is
observed that the Cs decreases signicantly for 3C + 10Ni and
3C + 15Ni, similar trend observed in 2(b). In summary, for 1C
and 3C SCs, a moderate amount of nickel improves Cs, but
higher amounts reduce this characteristic.

This behavior has been observed by other authors for elec-
trodes containing Ni or Ni-based compounds and carbon,19,22–25

including Tai et al.,22 who found that the capacitance of Ni–C
SCs diminishes by adding Ni coating aer achieving a capaci-
tance peak for low Ni load, arguing that for higher Ni content,
the pore access are blocked, reducing in the same manner the
electrode surface. For a moderate amount of Ni, the capacitance
is improved, probably by the change of the surface polarity on
the carbon surface, enhancing the affinity of OH− species from
the electrolyte solution,22 and promoting a better interaction
Fig. 3 Specific capacitance vs. discharge current for: (a) electrodes with d
electrodes.

8158 | RSC Adv., 2026, 16, 8154–8165
between the electrolyte and the carbon electrode, which is
consistent with the reduction of the charge transfer resistance
as reported below and in a previous work.14

The importance of presenting areal-specic capacitance
instead of gravimetric-specic capacitance is because when Ni
is added to the carbon-based electrode, the relative mass of the
active material decreases, and the total capacitance of the
composite also decreases.26

For those electrodes with the highest amount of carbon in
their structure, the capacitance results are shown in Fig. 2(d),
where it is of interest that the electrode with 5 immersions and
absence of nickel (5C + 0Ni) has the highest specic capacitance
at all scanning speeds; 5C + 3Ni and 5C + 1Ni have slightly
higher Cs values compared to the SCs with higher Ni content,
but still lower than 5C + 0Ni. This can be attributed to carbon's
ability to store energy, and the fact that more material improves
capacitance. Compared to carbon electrodes with 1 and 3
immersions, the high active area resulting from 5 AC ink
immersions is altered to a greater extent by Ni addition, where
a small amount of Ni is sufficient to decrease capacitance due to
the reduction of surface area, as shown below.

Specic capacitance values were also obtained by the GCD
technique for each of the electrodes (Fig. S3–S5). Fig. 3 shows
ifferent load of C without Ni, (b) 1C electrodes, (c) 3C electrodes, (d) 5C

© 2026 The Author(s). Published by the Royal Society of Chemistry
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that the behavior of the capacitance obtained from cyclic vol-
tammetry curves is maintained for this technique. Fig. 3(a)
shows the Cs of SCs without Ni, with more AC ink immersions
yielding higher capacitance.

The behavior observed in Fig. 3 is similar to that presented in
the CV results, as shown in Fig. 3(b), where prototype electrodes
with 1 AC immersion and 1C + 1Ni SCs have the highest Cs at all
applied currents, followed by 1C + 3Ni. SCs with a higher
amount of Ni (10 and 15 min) exhibit similar and lower specic
capacitances compared to the other SCs. The nickel-free
prototype (1C + 0Ni) has a very low Cs value, indicating that
the moderate addition of nickel improves this parameter.

Regarding the 3C + 3Ni and 3C + 1Ni prototypes (Fig. 3(c)),
they exhibit the highest Cs values, indicating that the addition
of nickel improves the Cs to a certain extent. However, at
a higher nickel amount, storage capacitance decreases.

As observed in the CV measurements, the Cs for the SCs with
5 AC ink immersions diminish when Ni content increases
(Fig. 3(d). Fig. 4(a–c) summarizes the comparison between these
techniques using those values corresponding to a sweep rate of
5 mV s−1 (CV) and a current of 1.59 mA cm−2 (GCD) of all the
prototypes.

From the results obtained by GCD, it is possible to calculate
the values of energy density (Wh cm−2) and power density (W
Fig. 4 Specific capacitance vs. sputtering time obtained from CV
(5 mV s−1) and GCD (1.59 mA cm−2) techniques, and Ragone plots for
supercapacitors prepared with 1, 3, and 5 immersion cycles of AC ink.
(a) Specific capacitance of 1C SCs as a function of sputtering time, (b)
Ragone plot of 1C SCs with different Ni deposition times, (c) specific
capacitance of 3C SCs as a function of sputtering time, (d) Ragone plot
of 3C SCs with different Ni deposition times, (e) specific capacitance of
5C SCs as a function of sputtering time, and (f) Ragone plot of 5C SCs
with different Ni deposition times.

© 2026 The Author(s). Published by the Royal Society of Chemistry
cm−2). These values were obtained for all the prototypes, shown
in Fig. 4(d–f). The relationship between these densities is
commonly known as a Ragone plot.

Fig. 4(d), which shows the results for 1C, indicates that 1C +
3Ni has the highest energy density at all power densities, fol-
lowed by 1C + 1Ni. In contrast, devices with 1C + 10Ni and 1C +
15Ni exhibit lower energy densities.

For the SCs with 3 carbon immersions, shown in Fig. 4(e),
the SC with a nickel coating of 1 minute (3C + 1Ni) has the
highest energy density at all power densities, followed by 3C +
3Ni, and aer these, the SCs with the highest nickel content,
showing higher nickel level reduces energy density.

Fig. 4(f) shows how energy density decreases signicantly
with higher concentrations of nickel (10 and 15 Ni), while lower
concentrations of nickel maintain a better energy density.

In the case of the 5C electrodes, which have higher porosity,
a small amount of Ni was sufficient to reduce both the specic
power and density and Cs.

Fig. 5(a) illustrates the relationship between surface area,
pore width, and capacitance density. The graph illustrates the
correlation between surface area (black squares) , pore width
(red circles) and capacitance density for electrodes containing
1C, 3C, and 5C. It is shown that surface area increases as the
capacitance density increases, while pore width decreases
slightly. For 5C SCs, a higher capacitance density corresponds
to a larger surface area and a narrower pore width.

Fig. 5(b) presents a good relationship between the capaci-
tance (red line) and surface area (black line), suggesting that the
Fig. 5 (a) Influence of C (without Ni) on surface area and capacitance,
(b) influence of Ni on surface area and capacitance.
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Fig. 6 Effect of nickel deposition time on capacitance density across
AC immersions.
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surface area is the key parameter for improving the Cs of the
SCs.

Fig. 6 illustrates the relationship between capacitance
density (mF cm−2) and the number of AC immersions for
electrodes with varying nickel (Ni) deposition times. Each line
corresponds to a specic deposition time, with different
symbols representing each specication. Capacitance increases
with the number of AC immersions for all electrodes; those with
longer Ni deposition times (10 min and 15 min) exhibit lower
increases in capacitance density compared to shorter deposi-
tion times (1 min and 3 min).

This fact highlights the impact of nickel deposition time on
the capacitive performance, indicating a complex relationship
between Ni deposition duration and immersion cycles.

The potential effect of DBSS on electrochemical performance
was considered. No redox signals attributable to the surfactant
were observed within the applied potential range, conrming
that its contribution is indirect, by improving the distribution of
activated carbon on the textile.

Table 4 provides a comparative overview of the electro-
chemical performance of the electrodes developed in this work
Table 4 Comparison with other works in the literature

Electrode materials Method
Fabrication
cost/complexi

Cotton fabric impregnated
with activated carbon

Dipping-impregnation Low – simple,
scalable

Ni-coated AC-cotton fabric Dipping-impregnation-
sputtering

Medium – req
equipment

Ni-OCNT-coated cotton yarn Sputtering High – compl

Cotton lawn coated with
activated carbon

Screen printing Medium – sem

C-Web@Ni-cotton
supercapacitor fabric

Electrospinning High – special
equipment

rGO/cotton yarn Hydrothermal method High – long
processing tim

8160 | RSC Adv., 2026, 16, 8154–8165
and those reported in other representative studies from the
literature. The analysis focuses on three main aspects:

(a) Superior specic capacitance: the cotton-based electrodes
impregnated with activated carbon achieved an exceptionally
high areal capacitance of 675.02 mF cm−2 (measured by GCD at
1.59 mA cm−2), which surpasses most values reported for
similar textile-based supercapacitors, such as oxidized carbon
nanotubes (OCNT)-coated yarn (258.47 mF cm−2)16 and C-
Web@Ni-cotton fabric (275.8 mF cm−2).27 This outstanding
performance is attributed to the high surface area provided by
multiple carbon ink immersions and the effective utilization of
the cotton substrate.

(b) Efficient and scalable fabrication: the dipping-
impregnation method, combined with sputtering, offers
a simple, low-cost, and scalable fabrication route, in contrast to
more complex and equipment-intensive techniques. This
methodological simplicity makes the proposed approach highly
attractive for large-scale production of exible EE devices.

(c) Robust long-term stability: the electrodes demonstrate
excellent cyclic stability, retaining 94% of their initial capaci-
tance aer 5000 cycles. This durability is comparable to that of
other highly stable materials in the literature, such as the OCNT
yarn (92%) and the C-Web@Ni-Cotton fabric (97.4%). This
conrms that our material is not only high-performing but also
robust and reliable for long-term use.

Electrochemical cycling stability tests highlight the inuence
of nickel deposition on long-term performance (Fig. 7). The 3C +
0Ni electrode exhibits the lowest stability, with capacitance
retention decreasing steadily throughout 1000 cycles. Incorpo-
ration of nickel improves this behaviour: the 3C + 1Ni electrode
shows higher and more stable retention, although a gradual
decline is still observed. In contrast, the 3C + 3Ni conguration
demonstrates superior cycling stability, maintaining 95.76%
capacitance retention aer 1000 cycles, which conrms that
higher nickel content enhances durability. This improvement
can be attributed to the increased electrical conductivity
provided by nickel, which facilitates efficient charge transfer,
and to the intrinsic corrosion resistance of Ni, which protects
the electrode from degradation during repeated cycling.25 These
ndings are consistent with the reduced charge transfer resis-
tance observed in EIS analysis, reinforcing that controlled
ty
Specic capacitance
(mF cm−2)

Measurement
conditions References

675.02 (5C + 0Ni) 1.59 mA cm−2

(GCD)
This work

uires 487.80 (5C + 1Ni) 1.59 mA cm−2

(GCD)
This work

ex setup 258.47 1.5 mA cm−2

(GCD)
Islam et al.
2020 (ref. 16)

i-scalable 430 1 mV s−1

(GCD)
Jost et al. 2011
(ref. 32)

ized 275.8 1 mA cm−2

(GCD)
Huang et al.
2016 (ref. 27)

e
9.54 0.06 mA cm−2

(GCD)
Li et al. 2023
(ref. 33)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Cyclic stability of the SCs with three AC immersions.
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nickel deposition not only improves capacitance but also
prolongs device lifespan.

Electrochemical impedance spectroscopy (EIS) analysis
provides insight into the effect of nickel deposition on charge
transfer and ion transport, as illustrated in Fig. 8. Fig. 8(a)
illustrates the equivalent circuit model used to t the EIS data.
The equivalent circuit used for the ttings is the Randles circuit,
which consists of a solution resistance (R1) in series with the
parallel combination of a constant phase element (CPE1), and
the series combination of a Warburg impedance (W1) and
a resistance (R2).28 R2 is depicted as a semicircle in the middle-
frequency region, attributed to ionic accessibility in the pores or
ion transport processes at the interface29 or to the impedance
between the electrode and current collector.30

CPE1 represents non-ideal capacitive behaviour, oen used
to model surface effects such as double-layer capacitance;
meanwhile, W1 represents the model diffusion processes in the
system at low frequencies, as the inclination of the Nyquist plots
of ∼45° is an indication of semi-innite length diffusion.31

A transmission line of semi-innite length models the
diffusion region, consistent with the high thickness of the
cotton substrates (∼300 mm).34 For this equivalent circuit, we
chose a nite-length Warburg element that represents a short
circuit terminal (Ws element in ZView), whose nite-length
Warburg impedance (ZFLW) is calculated by:

ZFLW ¼ Ws � R� tan h
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ws � Tju

p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ws � Tju

p , where Ws � T ¼ LD2

D
and

LD is the thickness of the diffusion layer (cotton cloth), D is the
diffusion coefficient,Ws–T is the diffusion time, andWs–R is the
Warburg resistance.35

In this case of LD / N, the Warburg impedance is in the
form of semi-innite Warburg diffusion,36 as the electrolyte
cannot penetrate to the bottom of the electrode. Fig. 8(b) shows
the impedance spectra for samples without Ni (0Ni), and
Fig. 8(c) shows the for samples with 1Ni, where the R1 and R2

values are smaller compared to Fig. 8(b), indicating lower
solution and electrolyte/electrode resistances, respectively,
which is in accordance with the results showed in a previous
© 2026 The Author(s). Published by the Royal Society of Chemistry
work,14 probably caused by the change in the surface polarity as
proposed by Tai et al.22

For C + 1Ni, 3C + 1Ni, and 1C + 5Ni SCs, the lowest R2 is
achieved when the smallest amount of Ni (1 min) is deposited.
For higher Ni content, R2 values are higher due to the afore-
mentioned blocking effect in the carbon pores.

These R2 values are consistent with the reported specic
capacitances for both CV and GCD techniques, in which these
electrodes presented the highest capacitances, as SCs with the
lowest interfacial resistance between the electrode and the
electrolyte29 are also consistent with a previous work.14 For
higher Ni content, the blocking effect increases R2, leading to
a decrease in capacitance. For all the Ni contents (Fig. 8(b–f)), R2

decreases with higher carbon immersions, representing lower
composite resistance due to the larger active area resulting from
the increased electrode–electrolyte contact area.31 This results
in improved pore accessibility and increased capacitance.

Electrodes with high micropore content and a poor pore
conductivity network will lead to decreased ion efficiency,
increasing the Warburg resistance.35 More carbon immersions
represent a high surface area and improve the presence of
mesopores and micropores, which provide better accessibility
of the electrolyte and reduce the Warburg resistance.Then,
increasing the carbon content reduces the path length for
electrolyte ions, thereby improving SC performance. Decreasing
Warburg resistance enhances ionic accessibility in the bulk of
the electrode and facilitates the formation of EDL capacitance
within the pores.29 This behaviour was observed in Table 5,
where W1–R and R2 diminish for more AC ink immersions.

The exponent of the CPE element, which is denoted by eqn
S6, represented in Table 5 as CPE-P, diminishes with the
increment of carbon immersions for all the Ni concentrations.
Although there is no consensus among researchers on the
causes of the CPE-P change, it is argued that the increase in
roughness and atomic-scale inhomogeneities causes the CPE-P
(which is 1 for an ideal capacitor) to exhibit a higher deviation
from unity.37

The impedance of the phase constant element is given by:

ZCPE ¼ 1

CPE-TðjuÞCPE-P, where ZCPE is the impedance of the CPE,

and CPE-T and CPE-P are the parameters that dene CPE, where
CPE-P is a dimensionless parameter that has values between
0 and 1, and signies the degree of deviation from the vertical
line in a Nyquist plot, meanwhile CPE-T is expressed in Fs-
CPE−P-1 units.38

The assembly of a exible SC prototype was carried out for 3C
+ 3Ni electrodes, for which 2 cm diameter electrodes and
a cellulose membrane as a separator were used, with the
difference that the electrolyte was KOH gel : PVA (1 : 1), which
was encapsulated along with two aluminium foils used as
current collectors inside a polypropylene encapsulation.39 This
device is shown in Fig. 9(a), demonstrating the physical exi-
bility of the supercapacitor under bending and its ability to
maintain its structure under mechanical stress.

Fig. 9(b) shows the CV curves for the exible SC in at and
bent states obtained at 100 mV s−1, showing specic
RSC Adv., 2026, 16, 8154–8165 | 8161
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Fig. 8 EIS characterization: (a) equivalent circuit, and Nyquist plots of (b) 0Ni, (c) 1Ni, (d) 3 Ni, (e) 10Ni, and (f) 15Ni SCs.
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capacitances of 10.48 mF cm−2 and 8.92 mF cm−2, respectively.
Illustrating that the device retains its electrochemical behavior
under deformation, the minor differences between the at and
bent CV curves indicate good structural integrity and exibility.
8162 | RSC Adv., 2026, 16, 8154–8165
Compared with the non-exible SCs, the lower Cs are related to
the poor contact between the electrodes and the current
collectors, compared with the rigid cell of the non-exible SCs.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Parameters obtained in ZView simulation

R1 [W] CPE-T [FsCPE-P-1] CPE-P [−] R2 [W] W1–R [W] W1–T [s] W1–P [−] Cs [mF cm−2]

1C + 0Ni 1.77 0.000327 0.7622 9.15 44.92 7.14 0.6109 27.40
3C + 0Ni 5.99 0.000451 0.6875 6.42 22.08 19.52 0.4573 222.43
5C + 0Ni 5.63 0.003195 0.5544 3.26 18.87 19.98 0.6601 675.02
1C + 1Ni 1.72 0.000229 0.7982 5.64 50.84 7.56 0.6227 139.26
3C + 1Ni 3.03 0.001045 0.6956 4.46 10.57 12.80 0.5115 374.98
5C + 1Ni 2.50 0.001636 0.6660 2.53 7.31 12.55 0.5105 487.80
1C + 3Ni 8.12 0.001170 0.7087 13.14 80.32 9.94 0.5821 67.93
3C + 3Ni 5.85 0.000919 0.6841 5.77 12.50 8.46 0.5982 237.12
5C + 3Ni 2.75 0.001797 0.6057 2.33 6.65 11.0 0.5228 485.52
1C + 10Ni 6.53 0.001253 0.6572 28.06 387.3 9.16 0.5921 10.23
3C + 10Ni 5.73 0.001769 0.6207 4.57 19.04 7.35 0.6284 185.21
5C + 10Ni 2.28 0.005724 0.5424 2.01 8.80 7.39 0.6279 295.09
1C + 15Ni 7.12 0.000869 0.7475 33.64 824.30 8.38 0.5829 3.94
3C + 15Ni 6.82 0.000499 0.7618 9.92 22.05 11.28 0.5683 162.80
5C + 15Ni 4.57 0.005653 0.5352 2.31 10.60 7.15 0.5967 283.91
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Fig. 9(c) shows the capacitance retention as a function of
bending angle, where the device retains a high percentage of its
initial capacitance even at large bending angles, highlighting its
Fig. 9 (a) Photograph of the flexible supercapacitor, (b) cyclic volammet
characteristics of the flexible SC and (d) capacitance retention of the fle

© 2026 The Author(s). Published by the Royal Society of Chemistry
robustness under strain. Fig. 9(d) shows the capacitance
retention as a function of the number of folding cycles,
demonstrating the device's stability aer multiple bending/
ry of the flexible SC measured at 100 mV s−1, (c) Capacitance retention
xible SC after 100 folding times.
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folding cycles, with minimal loss in capacitance. This durability
is essential for applications requiring repeated mechanical
exing.

The lower specic capacitance observed in the exible
prototype compared to rigid cells is consistent with previous
reports, in which polymeric gel electrolytes typically exhibit
reduced ionic conductivity relative to liquid KOH due to
restricted ion mobility within the polymer matrix.40,41 Never-
theless, the gel provides essential advantages for wearable
applications, including reduced leakage, mechanical exibility,
and durability under repeated deformation, as demonstrated in
our bending and cycling experiments.

Compared to earlier reports on Ni–carbon textile super-
capacitors, our approach offers three distinctive advantages.
First, in terms of performance, the optimized cotton-based
electrodes achieved areal capacitances up to 675.02 mF cm−2

(5C + 0Ni, GCD at 1.59 mA cm−2) and 382.40 mF cm−2 (3C + 1Ni,
CV at 5 mV s−1), values that surpass many previously reported
textile devices. Second, regarding cost and scalability, the
fabrication relies solely on abundant cotton substrates, a simple
dipping-impregnation process, and controlled sputtering,
avoiding complex syntheses such as electrospinning or hydro-
thermal growth. Finally, in terms of methodological simplicity,
the process requires minimal chemical reagents and can be
readily scaled to large fabric areas, making it highly attractive
for wearable and portable energy storage. These combined
features distinguish our work from prior Ni–carbon textile
electrodes and highlight its potential for practical, low-cost, and
high-performance supercapacitors.
Conclusions

The results obtained in this work highlight the decisive inu-
ence of activated carbon content and nickel coating on the
electrochemical performance of textile electrodes. Increasing
the number of activated carbon immersions enhanced the
active surface area by more than 90% (comparing electrodes
with 1 and 5 immersions), leading to specic capacitances as
high as 675.02 mF cm−2 (5C + 0Ni). While various fabrication
strategies have been reported in the literature for exible
supercapacitors, many involve complex processes or high-cost
equipment, we proposed a low-cost and facile approach—
based on a simple dipping-impregnation method combined
with controlled nickel sputtering—which offers a low-cost,
scalable, and practical route for producing high-performance
textile electrodes. This methodological simplicity, together
with the excellent electrochemical performance and robust
cycling stability demonstrated in this study, underscores the
potential of these electrodes for integration into exible and
wearable energy storage systems.

A moderate nickel coating (0.002 g) was found to be crucial
for improving conductivity and cycling stability, achieving
95.76% capacitance retention aer 1000 cycles. However,
thicker coatings led to pore blocking and reduced capacitance,
conrming the importance of maintaining an optimal balance
between carbon and nickel content.
8164 | RSC Adv., 2026, 16, 8154–8165
Compared to more complex fabrication strategies, such as
electrospinning or hydrothermal treatments, the method
employed here—based on a simple dipping-impregnation
process combined with sputtering on cotton—represents
a low-cost, scalable, and practical route that leverages an
abundant and inexpensive textile substrate. This methodolog-
ical simplicity, together with the outstanding electrochemical
performance and robust stability, positions these electrodes as
a highly viable alternative for exible textile supercapacitors.

Overall, the innovation of this work lies in demonstrating
that low-cost materials and straightforward processes can
compete with advanced technologies in terms of capacitance
and durability. Thus, the development of these cotton–carbon–
nickel electrodes opens new opportunities for portable,
sustainable, and wearable energy storage systems.
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