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the all-solid-state flexible
supercapacitor membranes via RAFT-mediated
grafting and electrospun nanofiber modification of
track-etched membranes

Nurgulim A. Aimanova,a Alimzhan A. Almanov,a Saeideh Alipoori,b Murat Barsbay, c

Alisher M. Zhumabayev,ad Dinara T. Nurpeisova ad

and Anastassiya A. Mashentseva *ad

Developing novel membranes marks a significant advancement in flexible energy storage systems. In this

work, a hybrid track-etched membrane (TeM) was synthesized through RAFT-mediated polymerization,

where poly(acrylic acid) (PAA) was grafted onto both the nanopore walls and surface of PET-based TeMs

(PET-g-PAA), creating a stable and functionalized matrix for further enhancements. The membrane was

then modified by incorporating electrospun composite nanofibers made from poly(vinylidene fluoride-

hexafluoropropylene) (PVDF-HFP) as the polymer matrix, ionic liquid (1-ethyl-3-methylimidazolium

tetrafluoroborate, EM-IMBF4) as the supporting electrolyte, and graphene oxide (GO) as the ionic

conductivity enhancer. The nanofibers (PVDF-HFP_GO) were deposited on either one or both surfaces

of the grafted membrane. These modifications substantially improved the membrane's active surface

area, porosity, and electrochemical performance, positioning it as a strong candidate for flexible energy

storage applications. Comprehensive characterizations verified the successful modification and

enhanced properties, including FTIR, SEM-EDX, XPS, TGA, porosity analysis, and contact angle

measurements. Electrochemical performance was evaluated through cyclic voltammetry (CV),

galvanostatic charge–discharge (GCD), and electrochemical impedance spectroscopy (EIS). Among the

tested membranes, the one modified with 0.5% GO-containing nanofibers demonstrated the highest

capacitance and coulombic efficiency. Although the membrane showed strong charge/discharge

efficiency and high initial performance, performance degradation was observed after extended cycling,

particularly at higher current densities. The ionic conductivity of the hybrid membranes (with a GO

concentration of 0.5%) reaches 14.83 × 10−3 mS cm−1 for single-sided nanofiber-covered membranes

and 39.08 × 10−3 mS cm−1 for double-sided nanofiber-covered membranes, while for similar samples

without addition of GO this values were found to be of 1.42 × 10−3 mS cm−1, which is significantly

higher than conventional polymer-based electrolyte membranes (∼10−4 to 10−2 mS cm−1), and

comparable to advanced ionic gel-based systems (∼10−2 to 10−1 mS cm−1). The synergistic effects of

PAA grafting and PVDF-HFP_GO fibers delivered competitive charge/discharge efficiency when

compared to similar systems, though further optimization of current density and cycling stability is

required. This study highlights the potential of combining the RAFT-mediated grafting technique with

electrospun composite nanofibers in modifying TeMs to develop durable and flexible supercapacitor

membranes with promising electrochemical performance.
epublic of Kazakhstan, 050032 Almaty,

anotechnology, Bilkent University, Ankara

sity, 06800 Ankara, Turkey

erials and Technologies, L. N. Gumilyov

a, Kazakhstan

80
1 Introduction

Over the past decade, there has been a signicant surge in
research focused on energy storage systems, driven by the
escalating demand for electronic devices, electric vehicles, and
renewable energy technologies.1,2 Among the various energy
storage solutions, supercapacitors have emerged as highly
attractive devices due to their ability to bridge the gap between
batteries and conventional capacitors.3 Supercapacitors are
© 2025 The Author(s). Published by the Royal Society of Chemistry
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particularly notable for their superior power densities, approx-
imately ten times higher than those of Li-ion batteries, although
they possess lower energy densities. This unique characteristic
enables supercapacitors to be used in conjunction with
batteries to meet peak power demands or with energy-
harvesting systems to store intermittently generated electricity
from renewable sources over short periods.

A typical supercapacitor consists of a separator, two elec-
trodes, and an electrolyte. Most commercially available super-
capacitors utilize liquid organic electrolytes, such as
tetraethylammonium-tetrauoroborate in acetonitrile.4 While
these electrolytes provide relatively high ionic mobility and fast
charge/discharge kinetics, their use poses signicant safety and
environmental risks due to the potential for electrolyte leakage,
necessitating the development of supercapacitors with rigid
and robust packaging to contain the liquid electrolytes. The
packaging reduces energy density because the materials used
for encapsulation increase the proportion of non-active
components in the device. In addition, these liquid electro-
lytes are less suitable for emerging applications in wearable,
stretchable, or exible electronics, where thinness and exi-
bility are paramount. These limitations underscore the need for
advanced supercapacitors capable of meeting the more rigorous
requirements of next-generation electronic devices.

Solid electrolytes offer enhanced safety due to the elimina-
tion of leakage risks and ammability issues associated with
liquids. However, they suffer from drawbacks such as lack of
exibility, lower ionic conductivity at room temperature, and
interface issues between the electrolyte and electrodes, which
limit their application in wearable electronics.5,6 To address
these limitations, gel polymer electrolytes (GPEs) have emerged
as a promising alternative, combining the safety and stability of
solid electrolytes with the exibility and higher ionic conduc-
tivity of liquids.7–10 GPEs can be categorized into heterogeneous
(phase-separated) and homogeneous (uniform) gels, with
heterogeneous GPEs being the most common. These consist of
a polymer network with interconnected pores lled with an
electrolyte, where ion transport primarily occurs in the swollen
gel or liquid phase. Many GPEs exhibit ionic conductivities of
around 10−3 S cm−1 at ambient temperature, signicantly
improving the electrochemical performance of
supercapacitors.11

Common polymer matrices for GPEs include polyvinyl
alcohol (PVA), polyacrylonitrile (PAN), poly(methyl methacry-
late) (PMMA), polyethylene oxide (PEO), and poly(vinylidene
uoride-hexauoropropylene) (PVDF-HFP). Recent advance-
ments have also explored environmentally friendly GPEs using
biodegradable polymers such as cellulose,12,13 lamellar
agarose,14 lignin 15, and starch-based composites.16 Despite
being widely used,17–20 water-based gel electrolytes suffer from
a narrow electrochemical stability window (0–1.0 V), limiting
cell voltage and, consequently, energy and power densities.
Additionally, water evaporation under varying temperatures
negatively impacts their performance and long-term
stability.21–23 In contrast, ionic gels (polymers coordinated with
ionic liquids) offer a broader electrochemical stability window
(0–3.5 V), excellent thermal stability, non-volatility, non-
© 2025 The Author(s). Published by the Royal Society of Chemistry
ammability, and non-toxicity.24 However, their ionic conduc-
tivity still needs improvement.25 Recent studies have shown that
doping ionic gels with carbon-based nanoparticles like gra-
phene oxide (GO) can signicantly enhance ionic conductivity.
For instance, Yang et al. achieved high ionic conductivity by
incorporating GO into a PVDF-HFP matrix with an ionic liquid
(EMIMBF4), demonstrating the potential of GO-doped ionic gels
for high-performance supercapacitors.2 The addition of just
1 wt% GO increased ionic conductivity by ∼260%, attributed to
GO's homogeneous 3D network facilitating ion transport.
Similar improvements have been reported with other carbon
nanollers like graphene.26–30

Electrospun nanobers have shown great promise for
improving electrochemical performance in energy storage
devices due to their unique morphology, uniform porosity, high
surface area, and exibility.31–35 Graphene, in particular, has
garnered signicant attention due to its high strength, exi-
bility, and conductivity. However, achieving homogeneous
dispersions of graphene in electrospinning processes can be
challenging. A two-step approach is oen employed, where GO
sheets are rst incorporated into a polymer solution, followed
by reduction to form reduced graphene oxide (rGO) nano-
bers.31,36,37 Even without reduction, GO has been reported to
signicantly enhance ionic conductivity in ion gels, where its
homogeneous 3D distribution creates continuous, inter-
connected channels that facilitate ion transport.2

Track-etched membranes (TeMs) are a special class of
porous membranes known for their controlled porosity,
uniform pore size, and mechanical stability. These properties
make them suitable for various applications, including ltra-
tion and energy storage.38,39 However, the application of TeMs in
supercapacitors is limited by several inherent challenges.
Specically, the polymeric substrates traditionally used to
produce TeMs exhibit inherently low ionic conductivity, which
hinders efficient charge transport, and lack intrinsic electro-
chemical activity. These limitations necessitate functionaliza-
tion with conductive or ion-conductive materials. Additionally,
their limited compatibility with electrode materials further
restricts their performance in energy storage applications.39 To
address similar challenges, surface modications such as
polymer graing or the incorporation of functional nano-
materials like GO have been proposed as potential solutions in
other material systems to enhance electrochemical
performance.27,40–43 However, their application in combination
with TeMs for supercapacitors remains largely unexplored.

Our research group has extensive experience in modifying
PET-based TeMs.44,45 To impart ion conductivity to PET TeMs,
we employed a strategy of graing poly(acrylic acid) (PAA) onto
PET, which created ion-conductive nanochannels throughout
the membrane due to the ionic conductive nature of the acrylic
acid moieties. This graing process extended across the
membrane surface, resulting in a fully ion-conductive
membrane through the combined use of track-etching tech-
nology and graing. Building on previous studies,2 we further
enhanced conductivity by incorporating GO-doped ion gel bers
containing EMIMBF4 as the ionic liquid onto the membrane
surface. For this, a uoropolymer, PVDF-HFP, was composited
RSC Adv., 2025, 15, 6260–6280 | 6261

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra08055f


Fig. 1 General scheme of PVDF-HFP_GO@PET-g-PAA hybrid TeM synthesis.
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with GO and added to the TeMs structure via electrospinning
(Fig. 1).

This combined hybrid structure represents a signicant
advancement in the eld, as it integrates multiple synthetic
innovations: track etching, graing, electrospun nanober
incorporation, and GO doping. These novel approaches collec-
tively enable the functionalization of TeMs for supercapacitor
applications. The track-etching process provides a precisely
controlled porous structure, while graing poly(acrylic acid)
(PAA) introduces ion-conductive nanochannels. The addition of
electrospun nanobers, composed of PVDF-HFP and GO,
further enhances ionic conductivity and mechanical exibility.
The incorporation of GO as a dopant creates a 3D network that
facilitates ion transport, signicantly improving electro-
chemical performance. The novelty of this work lies in the
synergistic combination of these techniques, which has not
been previously reported. The resulting membrane demon-
strates enhanced ionic conductivity, durability, and exibility,
offering a new perspective for next-generation energy storage
devices.
2 Materials and methods
2.1. Materials

Poly(vinylidene uoride-co-hexauoropropylene) (PVDF-HFP,Mw

∼400 000; Mn ∼130 000), dimethylformamide (DMF), ethanol
alcohol, PET lms, sodium hydroxide (NaOH), hydrogen
6262 | RSC Adv., 2025, 15, 6260–6280
peroxide (H2O2), hydrochloric acid (HCl), toluidine blue O (TBO),
acrylic acid (AA, anhydrous), benzophenone (BP), N-methyl-2-
pyrrolidone (NMP), 1-ethyl-3-methylimidazolium tetra-
uoroborate (EMIMBF4) were purchased from Sigma-Aldrich
Chemicals, USA. Hostaphan® RNK lm (lm thickness is 12.0
microns) was used as a substrate to be graed. Graphene oxide
(GO, 2–5 layer) and conductive carbon black (TIMCAL Super P)
were purchased from Nanography (Ankara, Turkey).
2.2. Preparation of modied track-etched membranes

PET lms with a thickness of 12.0 microns were subjected to
irradiation with 84Kr15+ ions at the DC-60 accelerator (Astana
Branch of the Institute of Nuclear Physics of the Republic of
Kazakhstan), utilizing an energy of 1.75 MeV per nucleon and
an ion uence of 4.2× 107 ion per cm2. Following 30 minutes of
photosensitization on both sides, the membranes underwent
chemical treatment in a 2.2 M NaOH solution for 3.5 minutes.
The subsequent chemical etching process in a 2.2 M NaOH
solution at 85 ± 1 °C resulted in membranes with an average
pore diameter of 385 ± 9 nm.

In order to increase the concentration of carboxylic groups,
the etched PET TeMs were oxidized in a 0.3 M H2O2 solution at
pH = 3, following a previously reported method.46 Oxidation
was performed under 190 W UV lamps (15 W, 295 nm, Ultra-
Vitalux 300 W, Osram, Augsburg, Germany) for 180 min. Post-
oxidation, the samples were thoroughly rinsed with deionized
water and dried.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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For the subsequent photoinduced gra polymerization of
AA, the oxidized PET TeMs were immersed in a 5% (w/v) solu-
tion of BP in DMF and agitated at room temperature for 24 h in
a water bath set to 100 rpm. Membranes with physically
attached BP were then rinsed with water and ethanol, dried, and
immediately used for graing experiments. Gra copolymeri-
zation of AA was conducted under UV irradiation at 298 K with
a monomer concentration of 10% (v/v) in ethanol, varying the
polymerization time from 30 to 180 min. Prior to graing, the
AA solution was passed through the nanoporous membranes
for two hours. Following irradiation, samples were immersed in
water for 24 h at 60 °C and subsequently dried under vacuum
until a constant weight was achieved. The degree of graing
(DG) was determined gravimetrically using eqn (1):

DG ¼ m�m0

m0

� 100%; (1)

where m0 and m are the masses of the membrane before and
aer graing, respectively. An anti-static ionizer was used to
remove the electrostatic charge before lighting.
2.3. Preparation of electrospun nanobrous membranes

For nanober fabrication, PVDF-HFP plates were dissolved in
DMF to create a 15% (w/w) solution. This solution was stirred
continuously at 150 rpm using an IKA KS 3000i shaker
(Konigswinter, Germany) at 30 °C for 48 h to achieve a viscous
and homogeneous mixture. Subsequently, varying concentra-
tions of GO ranging from 0.1% to 1.0% were evenly dispersed
into the PVDF-HFP solution using an ultrasonic probe (Scientz
JY92-IIDN, Ningbo Xinzhi Biological Technology Co, Ningbo,
Zhejiang, China) set at 50% amplitude for 30 minutes.2

The PVDF-HFP_GO solution was then electrospun onto PAA-
graed PET TeMs utilizing an electrospinning setup (CY-ES30K-
H, Zhengzhou CY Scientic Instrument Co., Zhengzhou,
China). The membranes were coated on either one or both sides
under identical conditions. The solution was dispensed
through a plastic 10 mL syringe equipped with a 0.4 mm inner
diameter steel needle, maintaining a feed rate of 0.8 mL h−1 and
applying a voltage of 15 kV over a coating time of 5 to 15
minutes. The needle-to-collector distance was kept constant at
7 cm. The voltage power supply was managed with an automatic
voltage regulator (T@SLAMAN TCM6000, China), and the ow
rate was regulated by a syringe pump (Lab Syringe Pump,
China). All experiments were conducted in an environment with
a temperature of 25–30 °C and a relative humidity of 20–22%.
The resulting nanobers were dried in a vacuum oven at 60 °C
for 12 hours to eliminate any remaining solvents.
2.4. Material characterization

The morphology and dimensions of the graed TeMs and elec-
trospun nanobers were examined using scanning electron
microscopy (Phenom ProX Desktop, Thermo Scientic, MA, USA)
at an accelerating voltage of 20 kV, with magnications ranging
from 10 000× to 50 000×. Nanober size was measured at
a magnication of 50 000× using a vernier, with the diameter
distribution being evaluated based on 80–90 measurements. For
© 2025 The Author(s). Published by the Royal Society of Chemistry
elemental analysis, a Hitachi TM3030 SEM (Hitachi Ltd,
Chiyaoda, Tokyo, Japan) equipped with a Bruker XFlash MIN SVE
microanalysis systemwas used at an accelerating voltage of 15 kV.

Thermal gravimetric analysis (TGA) of the samples was
carried out using a Simultaneous Thermal Analyzer (Themys
One Plus, Setaram Instrumentation (Caluire, France)) from
25 °C to 600 °C under a nitrogen atmosphere with a ow rate of
20 mL min−1, maintaining a heating rate of 10 °C min−1.

Specic surface area and pore volume measurements were
obtained through nitrogen adsorption and desorption
isotherms (V-Sorb 2800P, Gold APP Instrument, Xi'an, China),
while the pore size distribution was determined using the
Brunauer–Emmett–Teller (BET) method. Fiber diameter
measurements were conducted using Phenom Image Viewer
soware, analyzing 50 bers from different regions of the SEM
images. The data were processed using OriginPro 2018 soware
(OriginLab, USA), and ber size distributions were reported to
provide a comprehensive overview of size variations across the
samples.

XPS measurements were carried out using a Thermo Scien-
tic K-Alpha spectrometer (Waltham, MA, USA) with a mono-
chromatized Al Ka X-ray source (1486.6 eV photons) at
a constant dwell time of 100 ms, pass energy of 30 eV with a step
of 0.1 eV for core-level spectra and 200 eV with a step of 1.0 eV
for survey spectra. The pressure in the analysis chamber was
maintained at 2 × 10−9 torr or lower. All samples were analyzed
at a take-off angle of 90°. Surface elemental composition was
determined using an X-ray spot size of 400 mm by varying the
energy between 0 and 1000 eV.

The pore size of the pristine and PAA-graed TeMs, as well as
the structural parameters of the graed composite membranes,
were determined by porometery using the Hagen–Poiseuille
equation.47

Water contact angle (CA) measurements on the TeMs
surfaces were performed at ambient temperature using a DSA-
100 goniometer system (Krüss Company, Hamburg, Ger-
many). The average CA was calculated from at least three
measurements with 10 mL DI water, utilizing the Young–Laplace
method in the Drop Shape Analysis program (Krüss Company,
Hamburg, Germany).

Carboxyl group quantication on the PET surface post-
graing was carried out using toluidine blue dye complexa-
tion, following a procedure described previously.46 The degree
of graing (graing yield) was determined gravimetrically by
comparing the weights of the PET membranes before and aer
PAA graing.

Fourier-transform infrared (FTIR) spectra were recorded
using an Infra LUM FT-08 spectrometer, focusing on the func-
tional groups before and aer modication. The measurements
were carried out in the range of 400–4000 cm−1, with spectra
taken over 20 scans at a resolution of 2 cm−1 using an ATR
accessory (GladiATR, PIKE).
2.5. Electrochemical measurements

Supercapacitors were constructed using electrodes made of
carbon material sandwiched with a gel polymer membrane
RSC Adv., 2025, 15, 6260–6280 | 6263
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(PVDF-HFP_GO@PET-g-PAA hybrid TeM). The hybrid TeM
membranes, graed with PAA and covered with electrospun
nanobers consisting of PVDF-HFP doped with GO, served as
both the electrolyte and separator. Before assembly, the hybrid
TeM was soaked in 1-ethyl-3-methylimidazolium tetra-
uoroborate (EMIMBF4) ionic liquid for 24 hours and then
dried.

For the construction of electrodes, a mixture of 90 wt%
carbon black and 10 wt% PVDF powder was prepared and
uniformly mixed in an agate mortar. N-Methyl-2-pyrrolidone
was gradually added to achieve the desired viscosity. The
mixture was then spread onto conductive carbon-coated
aluminum foil to form sheets approximately 25 microns thick,
which were subsequently dried in a vacuum oven at 180 °C
overnight to ensure complete moisture removal.

The supercapacitors were assembled within an argon-lled
glove box, utilizing coin cell components (case, spring, spacer,
gasket) made from 304 stainless steel (Xiamen Tob New Energy
Technology Co., Ltd, Xiamen, PRC). Electrochemical measure-
ments, including cyclic voltammetry (CV) and galvanostatic
charge–discharge (GCD), were carried out at room temperature
using a VersaSTAT3 potentiostat (AMETEK Scientic Instru-
ments, Oak Ridge, TN, USA). The CV tests were conducted with
an AC amplitude of 3–10 m, with the initial potential (Ei) set to
0.000 V depending on the open circuit potential (Eoc) and a scan
rate ranging from 3 to 100 mV s−1.

The specic capacitance (Cs, in F g−1) was calculated from CV
data using the equation:
Fig. 2 The effect of irradiation time on the degree of grafting measured
quantified by colorimetric analysis, red line (a). SEM images of the prist
sectional view of the PET-g-PAA membrane (d).

6264 | RSC Adv., 2025, 15, 6260–6280
Cs ¼ 2� Ð
IdV

msDV
(2)

where m is the mass of the electrode (g), s is the scan rate (mV
s−1), and DV is the potential window in V, while

Ð
IdV represents

the integral or area under the CV curve.
The ionic conductivity and electrical conductivity of the lms

(16 mm diameter, round punched) were measured by electro-
chemical impedance spectroscopy (EIS) of 2032 coin cells. The
conductivity (s, S cm−1) was determined using:

s ¼ L

A� R
(3)

where L is the thickness (cm), A is the contact area (cm2), and for
the calculation of ionic conductivity and electrical conductivity;
R = Rb (U) is the bulk resistance and R = Rct is the charge
transfer resistance, respectively, which are obtained from the
Nyquist plot.

3 Results and discussions
3.1 GPE TeMs fabrication and characterization

The modication of PET-g-PAA and PVDF-HFP_GO@PET-g-PAA
samples is crucial for optimizing their performance in super-
capacitor applications. One critical aspect to assess during this
modication process is the constriction of pore diameter. This
metric directly impacts ion conductivity and overall device
efficiency, making it essential to monitor how graing inu-
ences the pore structure. Scanning Electron Microscopy (SEM)
gravimetrically, black line, and the concentration of carboxyl groups,
ine PET TeM (b), PAA-grafted PET TeM (PET-g-PAA) (c), and a cross-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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was employed to study changes in pore diameter during the
graing process. The SEM micrographs presented in Fig. 2
reveal a slight narrowing of channels post-graing with acrylic
acid, indicating successful surface modication while main-
taining open pores—a key feature for ion transport in super-
capacitor applications which directly impacts ion conductivity
and overall electrochemical performance. Further SEM analysis
of the graed surfaces (Fig. 2c and d) revealed signicant
morphological changes, with the surface becoming rougher and
exhibiting small polymer clusters. This increased roughness
suggests the formation of PAA chains on the surface, resulting
from the RAFT-mediated graing process. The whole coverage
of the surface can enhance interaction with electrospun bers
in subsequent modications and provide better ion transport
and charge storage capabilities. The increased presence of
carboxyl (–COOH) groups on the graed copolymers was
quantied using colorimetric analysis with Toluidine Blue O
(TBO) dye, conrming the successful graing process.48,49 The
results depicted in Fig. 2a (red line) demonstrate a clear
increase in PAA chain concentration as the polymerization time
increases, a trend that is crucial for enhancing the functional
properties of the membrane, particularly in terms of ion
exchange capacity and hydrophilicity.
Fig. 3 FTIR spectra of PET-g-PAA in the range of 4000–500 cm−1 (a) an
and C1s core level XPS spectra of pristine PET TeM, PAA grafted membr

© 2025 The Author(s). Published by the Royal Society of Chemistry
To further validate the successful graing of acrylic acid onto
PET, Fourier Transform Infrared (FTIR) spectroscopy was con-
ducted, with results presented in Fig. 3a and b. The FTIR spectra
of modied PET lms with a graing degree (GD) of 17.84%
show new peaks corresponding to O–H (centered at 2965 cm−1),
C]O (1710 cm−1), and C–H (1260 cm−1) vibrations, all attrib-
utable to PAA. The signicant increase in absorption at
1710 cm−1, associated with carboxyl groups, underscores the
successful surface functionalization and correlates with the
colorimetric analysis discussed earlier. The graing step plays
a pivotal role in enhancing the surface properties of the
membrane, particularly its hydrophilicity and ion conductivity,
which is vital for ensuring effective electrolyte interaction in
supercapacitor applications. Additionally, FTIR analysis of the
PVDF-HFP_GO nanobers (Fig. 3c) identied characteristic
peaks at 486 cm−1 and 861 cm−1 (a phase) and at 1395 cm−1 (C–
F stretching), conrming the presence of the PVDF-HFP copol-
ymer.50 The peaks at 1592 cm−1 (C]O stretching), 3640 cm−1

(O–H stretching), 1399 cm−1 (O–H bending), and 3852 cm−1

(CH2 stretching) belong to the GO structure.51,52 The slight
appearance of these peaks in the composite nanober spectrum
veries the successful incorporation of GO into the PVDF-HFP
matrix.
d 4000–2000 cm−1 (b), FTIR spectra of PVDF-HFP_GO nanofibers (c)
ane and PVDF-HFP_GO@PET-g-PAA membranes (d).
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Fig. 4 Water contact angle of pristine PET TeMs (a) and PAA grafted PET TeMs for 45min (grafting degree: 6.35%) (b) and 90min (grafting degree:
17.84%) (c).
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The analysis of the C1s XPS core-level spectra (Fig. 3d)
provides detailed insights into the chemical structure and
surface modications of the PET TeMs throughout the different
stages of modication. In the case of the pristine TeMs, three
primary components are observed in the C1s spectrum, each
corresponding to distinct carbon environments. The dominant
peak around 284.8 eV can be attributed to carbon–carbon (C–C)
bonds, which represent the backbone structure of the PET
polymer. Additionally, two notable peaks emerge at approxi-
mately 286.5 eV and 288.9 eV, corresponding to oxygenated
carbon species, specically carbonyl (C]O) and ester (O]C–O)
functionalities, respectively, which are characteristic of the PET
structure.53

Upon graing PAA onto the membrane, an increase in
oxygenated carbon species is observed. The increased signal
intensity at these binding energies strongly suggests that the
graing process successfully modied the PET surface,
increasing the density of oxygen-containing groups and altering
the overall surface chemistry of the membrane. When further
modications were introduced by the incorporation of electro-
spun composite nanobers composed of PVDF-HFP and GO,
the presence of PVDF-HFP is demonstrated by the emergence of
a distinct peak at approximately 292 eV, which corresponds to
the carbon atoms bonded to uorine (C–F).54.

This peak is a strong indication that the electrospun nano-
bers have successfully adhered to the surface of the PAA-graed
membrane, conrming the effective deposition of the uori-
nated nanobers on the membrane. Moreover, the addition of
GO is further corroborated by the observed increase in the
intensity of the oxygenated carbon species, particularly the C–O
peak around 286 eV. This increase is likely due to the rich oxygen-
containing functional groups present on the GO nanosheets,
such as hydroxyl (C–OH) and epoxy (C–O–C) groups. The changes
in the C1s spectra, particularly the increased intensity of the C–O
peak, align with the known structure of GO, suggesting that the
GO is well integrated into the electrospun ber matrix and
contributes to the overall chemical composition of the surface.

Hydrophilicity is a crucial factor for membrane performance,
as it directly inuences wettability and electrolyte absorption.
Dynamic water contact angle measurements, summarized in
Fig. 4, revealed a substantial decrease in contact angle with
increasing degrees of acrylic acid graing. For instance, PET-g-
PAA with a graing degree of 17.84% exhibited a contact angle
6266 | RSC Adv., 2025, 15, 6260–6280
of 21.29 ± 1.91°, a signicant reduction from 83.3° observed for
pristine PET. This enhanced hydrophilicity is directly linked to
the increased presence of –COOH groups, making the
membrane more suitable for applications requiring efficient
ion transport, such as supercapacitors.

The morphological and elemental composition of the
modied membranes was further characterized using SEM
coupled with energy-dispersive X-ray spectroscopy (EDS), as
shown in Fig. 5. The SEM analysis revealed uniform ber
diameters in the nano range from 40 to 180 nm, which is crucial
for maintaining high porosity and surface area—both essential
parameters for optimizing supercapacitor performance. The
absence of GO agglomeration or irregular droplet-like forma-
tions within the bers demonstrates that the fabrication
process was well-controlled and critical for achieving consistent
membrane performance.55 The EDS mapping identied carbon
and uorine within the nanobers (Fig. 5c), consistent with the
known chemical structure of PVDF-HFP. Additionally, the
detection of signicant oxygen content, an element absent in
PVDF-HFP, conrms the successful incorporation of GO into
the composite. This incorporation is critical for enhancing both
the conductivity and mechanical strength of the material.
Importantly, the pores of the underlying PAA-graedmembrane
remained accessible, as shown in Fig. 5a, which supports effi-
cient ion transport across the membrane structure and
contributes to its enhanced electrochemical properties.

Thermal stability is another crucial factor in assessing
membrane performance for supercapacitor applications, as it
dictates the membrane's durability under operating conditions.
The thermogravimetric (TGA) analysis and differential ther-
mogravimetric (DTG) curves, depicted in Fig. 6, shed light on
the thermal behavior of the modied membranes. A slight
weight increase observed in the early stage of degradation (25–
300 °C) can be attributed to the buoyancy effect of the TGA
equipment.56 This buoyancy effect, which results in an apparent
mass gain during the initial heating stage, is caused by the
aerodynamic drag of gas ow through the furnace, as detailed in
previous studies.57 The high residual weights at 600 °C can be
explained by the presence of thermally stable components, such
as GO58 and the uorinated polymer PVDF-HFP,59 which do not
fully degrade at this temperature. The TGA thermogram for PET
TeM-g-PAA reveals a maximum decomposition temperature of
around 430.8 °C, accompanied by a weight loss of 47.96%. This
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 SEM images of PVDF-HFP_GO@PET-g-PAA (a) 5 min, (b) 10 min, (c) 15 min; the corresponding size distributions and elemental mappings
of composite nanofibers.

Fig. 6 TGA curves of the composites: (a) thermogram of weight loss percentage in the temperature range of 25 to 600 °C; (b) derivative of
weight loss depending on the temperature.
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behavior aligns with known PET thermal degradation mecha-
nisms, which involve random scission of ester linkages and
oligomer formation.60

Typically, PET degradation is marked by a sharp weight loss
beyond 400 °C, though this can vary depending on the sample's
background, such as its morphology and the thermal or
mechanical processing conditions.53,61 In our case, PET samples
were subjected to heavy ion irradiation, leading to degradation
along the membrane, which consequently reduced the thermal
stability of the material, resulting in a slightly lower maximum
thermal degradation temperature than generally reported for
PET. Notably, the PAA-graed membrane with electrospun
PVDF-HFP nanobers exhibited a second degradation pattern
shoulder around 470 °C, closely matching the decomposition
prole of pure PVDF-HFP, which is reported to occur at
© 2025 The Author(s). Published by the Royal Society of Chemistry
approximately 475 °C.62 This nding conrms the presence and
contribution of PVDF-HFP in the composite membrane.

Finally, the porosity and pore size distribution were assessed
using Brunauer–Emmett–Teller (BET) analyses, with results
indicating a type IV isotherm according to IUPAC classica-
tion.63 The hysteresis loop observed in the adsorption/
desorption isotherm (Fig. 7) suggests the presence of meso-
pores,63 which are critical for facilitating ion transport in
supercapacitor applications. The gradual increase in adsorption
at low relative pressures (P/P0 = 0.01) further supports the
presence of mesoporous interiors, which are benecial for
achieving high ion exchange rates and improved electro-
chemical performance.64 The quantitative BET analysis,
summarized in Table 1, demonstrates the effective optimization
of surface area, pore size, and volume in the composite
RSC Adv., 2025, 15, 6260–6280 | 6267
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Fig. 7 BET-adsorption plot (a) and N2 adsorption–desorption isotherm of PVDF-HFP_GO@PET-g-PAAmembranes with different GO content of
(b) 0%, (c) 0.5%, (d) 1%, the SEM images and corresponding size distributions composite nanofibers with different amount of GO (e).
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membranes, directly contributing to their enhanced super-
capacitor performance.

Decreasing in BET surface area with addition of GO to the
nanober composition is caused be changing of ber diameters
6268 | RSC Adv., 2025, 15, 6260–6280
during electrospinning stage. It was conrmed by analysis of
the PVDF-GFP-OG nanobers SEM images presented on the
Fig. 8e. Using Phenom Image Viewer soware the bers diam-
eters were examined and corresponding size distribution was
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 BET surface area, pore volume, and pore size distribution data
of PVDF-HFP_GO@PET-g-PAA membranes

GO content 0% 0.5% 1%
BET surface area, m2 g−1 1.0779 1.0642 0.7644
Langmuir surface area, m2 g−1 1.5897 1.6453 1.2918
Total pore volume, cm3 g−1 0.0099 0.0063 0.0029
Average pore width, nm 37.0013 23.9000 15.3066
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calculated to be around 70 ± 10 nm for bers without addition
of GO, 220 ± 20 and 310 ± 10 nm for nanobers with the GO
content of 0.5 and 1.0% respectively.
Fig. 8 Cyclic voltammetry (CV) curves of pristine PET film (scan rate 3
polymer supercapacitors based on varying GO content at different scan

© 2025 The Author(s). Published by the Royal Society of Chemistry
3.2 Electrochemical performance

For the electrochemical performance tests, materials at each
functionalization step were evaluated. As shown in Fig. 8a, the
cyclic voltammetry (CV) curve of the pristine PET track-etched
membrane (TeM) without any graing or electrospun ber
modication displays a highly underwhelming performance, as
expected.

The CV prole is nearly linear, with small current responses,
indicating poor electrochemical activity and the absence of
capacitive behavior. This is characteristic of unmodied PET
TeMs, which lack the ionic conductive pathways necessary for
efficient charge storage and ion transport, leading to negligible
mV s−1) (a), PAA-grafted TeM (scan rate 3 mV s−1) (b), and solid-state
rates: 0% GO (c), 0.1% GO (d), 0.5% GO, (e) 1% GO (f).

RSC Adv., 2025, 15, 6260–6280 | 6269
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Fig. 9 Dependence of the specific capacitance on the scan rate for
PVDF-HFP_GO@PET-g-PAA with the different concentrations of GO.
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capacitance. Furthermore, the minimal slope of the current
response in the CV curve shows that PET's inherent structure
lacks electrochemically active sites, essential for supporting
charge accumulation. Pristine PET, known for its insulating
properties and lack of surface functional groups, is thus
unsuitable for applications requiring signicant energy storage
or efficient ion diffusion. However, aer graing poly(acrylic
acid) (PAA) onto the membrane, an improvement in electro-
chemical performance is observed (Fig. 8b). The PAA gras,
which are anchored throughout the nanopores and along the
entire surface of the membrane, introduce ionic conductive
groups. These carboxylic acid moieties impart enhanced ion
conduction to the PET TeMs. Despite this improvement, the
performance remains below the desired threshold for super-
capacitor applications, which typically require specic capaci-
tances above 100 F g−1 and energy densities exceeding
1 W h kg−1 for practical implementation.65,66 The observed
performance is limited due to incomplete ionic transport
pathways and suboptimal electrode/electrolyte interactions, as
discussed in previous studies.67–69 To further enhance perfor-
mance, we electrospun ionic gel bers onto either one or both
sides of the PAA-graed PET TeMs under identical experimental
conditions. Fig. 8c–f presents the CV curves of supercapacitors
fabricated from PAA-graed PET TeMs, where only one side was
modied with ionic gel bers. The curves, measured across
a range of scan rates (from 1 mV s−1 to 100 mV s−1), demon-
strate a signicant increase in electrochemical performance.
The nearly rectangular shape of these CV curves is indicative of
excellent capacitive behavior, and the larger areas under the
curves correspond to higher capacitance values, a hallmark of
efficient ion transport and charge storage. At the lowest GO
concentration (0.1 wt%), the electrochemical performance of
the membrane slightly enhanced as seen in Fig. 8d, indicating
that the added amount of GO is insufficient to establish
a continuous conductive pathway, leading to inefficient charge
storage.

Fig. 8e shows that the membrane modied with 0.5% GO-
modied membrane displayed the highest electrochemical
performance. The enhanced specic capacitance at 0.5 wt% GO
could be due to an optimal balance between GO dispersion and
conductive network formation. At this concentration, GO may
provide sufficient conductive sites within the PVDF-HFP matrix
while maintaining interconnectivity that promotes efficient ion
transport. The partial deviation from an ideal rectangular CV
prole suggests that 0.5 wt% GO creates a microstructure that
maximizes accessible surface area for charge storage but also
induces some degree of resistance due to mild aggregation. This
slight aggregation might lead to localized regions of higher
conductivity, effectively increasing the specic capacitance by
allowing more ions to interact with the surface without signif-
icantly impeding overall charge transport. At this concentra-
tion, GO may form an optimal structure where both double-
layer capacitance and limited pseudocapacitive reactions
occur simultaneously. The slight aggregation at 0.5 wt% could
lead to more interaction points, thereby facilitating limited
redox activity while still maintaining efficient ion transport.
Conversely, at 1 wt% GO, while the CV prole remains
6270 | RSC Adv., 2025, 15, 6260–6280
rectangular, the high loading may cause over-saturation of GO,
reducing the electroactive surface area as GO sheets overlap or
stack. This excessive overlap limits the available surface for ion
adsorption, which may explain why the capacitance does not
reach the level observed at 0.5 wt%. At 1 wt% GO, the nearly
rectangular CV curves suggest dominant electrical double-layer
capacitance (EDLC). This behavior typically arises in materials
like graphene oxide, where the energy storage is primarily
through the adsorption and desorption of ions at the electrode
surface without faradaic (redox) reactions.70 Similar behavior
highlighting the importance of optimizing GO loading to
balance ionic conductivity with structural integrity has been
observed in other GO-polymer composites.71 Fig. 8a–d further
illustrate that as the scan rate increases, the CV areas expand,
signifying enhanced ion transport within the polymer matrix.
Even at higher scan rates, most of the curves maintain a nearly
rectangular shape, reaffirming the robust capacitive nature of
the modied membranes across various GO concentrations and
scan rates. This consistent performance at different scan rates
highlights the stability and efficiency of the system in fast
charge–discharge cycles, which is critical for high-performance
supercapacitors. The CV analysis emphasizes the critical role of
both PAA graing and the modication with electrospun ionic
gel bers in achieving promising electrochemical performance
in PET TeM-based supercapacitors.

The relationship between capacitance and scan rate is
depicted in Fig. 9, showing a downward trend with increasing
scan rate.

The concentration of GO had a notable effect on the specic
capacitance of the supercapacitors. At a scan rate of 3 mV s−1,
the specic capacitances for PVDF-HFP_GO@PET-g-PAA
membrane supercapacitors, modied with nanobers contain-
ing GO concentrations of 0.1%, 0.5%, and 1.0 were 4.3 ± 0.3 F
g−1, 10.3 ± 0.5 F g−1, and 8.4 ± 0.6 F g−1, respectively. This
indicates that 0.5% GO was the optimal concentration, consis-
tent with the earlier discussion of the CV curves. Additionally, as
the scan rate increased, the specic capacitance decreased. This
behavior can be attributed to the fact that lower scan rates
provide more time for ions to diffuse deeply into the electrode
© 2025 The Author(s). Published by the Royal Society of Chemistry
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structure, enhancing the capacitive properties.72 The specic
capacitance of the graed lm without nanobers (PAA-g-PET)
was signicantly lower, reaching only 0.048 F g−1 at 3 mV s−1

and decreasing to 0.001 F g−1 at a scan rate of 100 mV s−1. In
contrast, the pristine PET TeMs exhibited an extremely low
specic capacitance of 0.004 F g−1 at 3 mV s−1. This data
emphasizes the considerable improvement in electrochemical
performance achieved in two stages: rst, through the graing
process, and more notably, with the incorporation of GO
nanobers into the membranes, which had a particularly
pronounced effect.

To further assess the performance of the PVDF-HFP_GO@-
PET-g-PAA supercapacitors, galvanostatic charge–discharge
(GCD) tests were conducted (Fig. 10). The results indicate that
the membranes modied with 0.5% and 1.0% GO-containing
nanobers exhibited signicantly longer charge–discharge
times compared to other samples, highlighting their superior
capacitance performance.73 The longer charge–discharge times
observed for samples with 0.5% and 1.0% GO are indicative of
higher specic capacitance. At these concentrations, the pres-
ence of GO likely enhances the electrode's surface area and
introduces additional pathways for ion transport and charge
storage, especially through both double-layer formation and
possibly some pseudocapacitive reactions, thanks to the
oxygenated functional groups in GO. The longer charge–
discharge duration suggests that these samples can store and
release more energy compared to the samples with lower GO
content.74 The highest performance at 0.5% GO is signicant. At
this concentration, GO likely achieves an optimal distribution
Fig. 10 Galvanostatic charge–discharge (GCD) curves of SSC with varyin
GO (a), 0.1% GO (b), 0.5% GO (c), 1% GO (d) and specific capacity vs. cy

© 2025 The Author(s). Published by the Royal Society of Chemistry
within the PVDF-HFP matrix, balancing surface area, conduc-
tivity, and accessibility for electrolyte ions. This optimal
dispersion can facilitate ion transport while minimizing
agglomeration effects that might limit performance. This
contrasts with 1.0% GO, where excessive GO may begin to
reduce effective surface area due to partial aggregation, thus
slightly lowering the overall capacitance despite maintaining
a relatively high charge–discharge time.75 This observation
aligns with previous studies demonstrating that aggregated GO
particles have fewer available active sites and a lower surface-
area-to-volume ratio compared to well-dispersed GO, thereby
reducing reactivity and performance.71,76–78 All GCD curves
display an isosceles triangular shape, indicative of high
coulombic efficiency and typical capacitor behavior, suggesting
minimal energy loss during charge–discharge cycles. This
shape, along with consistent discharge patterns, points to
stable capacitive behavior across the samples, reinforcing that
the system behaves as an ideal capacitor with efficient charge
storage and release. The GCD proles also demonstrate
consistent discharge patterns, with most samples achieving
stable coulombic activity across different GO concentrations,
indicating that the supercapacitors retain good energy storage
efficiency, with minimal degradation or faradaic side reactions
that could otherwise affect cycle life and stability.79

As illustrated in Fig. 10e the capacitive behavior shows
a common trend across the different GO percentages, with
discharge capacity stabilizing early on and reaching amaximum
of around 200–300 cycles. This consistent performance across
multiple cycles suggests that the GO incorporated in the matrix
g GO content at two different current densities of 0.5 and 1.0 A g−1: 0%
cle number for the different compositions (e).
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plays a crucial role in sustaining conductivity. Among the tested
samples, the SSC with 0.5% GO exhibited the highest capacity,
solidifying its status as the optimal composition for maximizing
electrochemical performance.

The impedance behaviour of the samples was also evaluated
through electrochemical impedance spectroscopy (EIS)
(Fig. 11). The real part of the impedance (Z0) decreases as
frequency increases, stabilizing around 2 kHz and becoming
frequency-independent thereaer. This reduction in impedance
with increasing frequency suggests enhanced conductivity,
while the higher Z0 values at lower frequencies are indicative of
greater polarization within the hybrid TeM structure, as all
types of polarization are active at lower frequencies. The
convergence of Z0 values at higher frequencies reects the
potential release of space charge polarization, a typical feature
in such materials.80 Additionally, the low-frequency region with
higher Z0 values indicates signicant interfacial polarization,
suggesting that ion mobility is restricted at low frequencies due
to the structural complexity of the membrane. This phenom-
enon is typically associated with the presence of GO, which
introduces additional interfaces that can hinder ionic trans-
port, especially at low frequencies where polarization effects
dominate.81
Fig. 11 Variation of the real part of impedance (Z0) as a function of fre
coulombic efficiency of supercapacitors with different GO contents (0.5

6272 | RSC Adv., 2025, 15, 6260–6280
The coulombic efficiency of the supercapacitors containing
0.5% and 1% GO (Fig. 11b) was evaluated over multiple charge–
discharge cycles. Both systems initially demonstrated efficien-
cies above 75%. However, signicant degradation in perfor-
mance was observed aer around 500 cycles. The
supercapacitor with 0.5% GO exhibited a more gradual decline
in efficiency, though the decrease began at an earlier stage
compared to the 1% GO sample. In contrast, the supercapacitor
with 1% GO maintained higher efficiency for a longer period
but then experienced a sharp and rapid decline aer about 500
cycles. This degradation in performance for both super-
capacitors suggests that, although the inclusion of GO
enhances the capacitive behavior, long-term cycling stability is
still a challenge. The sharp drop in efficiency observed in the 1%
GO system is likely due to factors such as increased internal
resistance or the agglomeration of GO particles at higher
concentrations. Such agglomeration could hinder ion diffusion
within the electrode structure, disrupting charge transfer and
ultimately leading to poor charge retention over extended
cycles.

These ndings emphasize the importance of optimizing the
GO content to balance initial performance with long-term
stability, as excessive GO can introduce structural limitations
quency for solid-state supercapacitors with different GO content (a),
% and 1%) over cycling (b), and Nyquist plot of the EIS tests (c).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 SEM images of the single-side covered with 0.5% GO nanofibers GPE TeM after 600 cycles of testing at the different magnifications.

Table 2 Ionic conductivity of PVDF-HFP_GO@PET-g-PAA
membranes at room temperature

GO content in
PVDF-HFP_GO@PET-g-PAA (%)

Ionic conductivity,
s × 10−3 (mS cm−1)

0 1.42
0.1 1.95
0.5 14.83
1.0 5.37
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that impair cycling durability. For instance, aer 550 cycles,
a more than 90% reduction in efficiency was observed in the
membrane with 1% GO containing nanobers, indicating
destructive phenomena within the membrane structure. To
investigate this further, SEM analysis was conducted to examine
the surface morphology of the samples (see Fig. 12), revealing
a signicant deterioration in the homogeneity of PVDF-HFP_GO
bers following electrochemical testing, which contributed to
the decrease in long-term stability. Moreover, the observed
structural breakdown in the 1% GO sample suggests that high
GO concentrations may accelerate mechanical fatigue within
the ber matrix, leading to localized disruptions in ber
integrity and, consequently, greater impedance. This mechan-
ical degradation is likely exacerbated by repeated ion interca-
lation and deintercalation cycles, particularly at interfaces
where GO is less evenly dispersed. These ndings highlight the
need for further modications, such as surface treatments or
optimized GO dispersion techniques, to ensure better long-term
performance.82

The total ionic conductivity of the GPE TeMs was evaluated
using electrochemical impedance spectroscopy (EIS). The
Table 3 Electrical conductivity of different types of PVDF-HFP GPE fille

GO content in
PVDF-HFP_GO@PET-g-PAA
(%)

Charge transfer resistance
(ohm)

0 2827.48
0.1 2320.18
0.5 733.50
1.0 1837.34

© 2025 The Author(s). Published by the Royal Society of Chemistry
Nyquist plot of PVDF-HFP_GO with varying GO concentrations,
presented in Fig. 11c, shows typical GPE behavior. The imped-
ance plot comprises a single semi-circle for all the measured
samples, indicating that the resistances are primarily due to the
grain properties of the GPE TeMs. Notably, the PVDF-HFP_GO
sample with 0.5% GO exhibited a smaller semicircular diam-
eter, signifying that GO plays a key role in improving the
conductivity of the supercapacitors. The ionic conductivity,
a crucial parameter that reects the ionic transport capacity of
electrolytes83 was calculated from the Nyquist plot and is pre-
sented in Table 2. Ionic conductivity increased with the addition
of GO in the GPE TeM composition up to a concentration of
0.5%, aer which it decreased when the GO concentration
reached 1.0%. This behavior aligns with the above results and
can be explained by the uniform distribution of graphene oxide
up to a critical concentration of 0.5%. Beyond this concentra-
tion, agglomeration of GO occurs, leading to reduced ionic
transport. It is well-documented that non-agglomerated gra-
phene oxide sheets possess lower bulk resistance due to their
mobility within the gel, resulting in improved ionic conduc-
tivity.17,84 The ionic conductivity of the hybrid membranes with
0.5% GO reached 14.83 × 10−3 mS cm−1 for single-sided
nanober-covered membranes and 39.08 × 10−3 mS cm−1 for
double-sided congurations. These values are signicantly
higher than those of conventional polymer-based electrolyte
membranes (∼10−4 to 10−2 mS cm−1)85,86 and comparable to
advanced ionic gel-based systems (∼10−2 to 10−1 mS cm−1).87–89

The results of electrical conductivity are given in Table 3. For
the sample without GO, the conductivity supplied by graed
PAA chains is relatively low, indicating that the graed polymer
matrix alone has limited electrical conductivity. Adding a small
amount of GO (0.1%) slightly increases the conductivity. This
improvement can be attributed to the introduction of
d with GO

Thickness
(cm)

Contact area
(cm2)

Electrical conductivity
(mS cm−1)

0.0015 2.0106 0.26 × 10−3

0.0017 2.0106 0.36 × 10−3

0.0017 2.0106 1.15 × 10−3

0.0019 2.0106 0.50 × 10−3
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Fig. 13 Bode plot as a function of frequency for PVDF-HFP_GO@PET-g-PAA solid-state supercapacitors with various GO content: 0% GO (a),
0.1% GO (b), 0.5% (c), 1% GO (d).
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conductive pathways due to GO, even at a low concentration. GO
has conductive properties, so even a small addition can help
create paths for electron movement within the composite.

At 0.5% GO, there's a substantial increase in conductivity,
suggesting that the network of GO within the polymer matrix
has become more interconnected, enhancing the overall elec-
trical conductivity of the composite. This could indicate
a threshold concentration, where a percolating network of GO
forms, allowing a continuous conductive path throughout the
material. At 1% GO, the conductivity decreases to 0.5 S m−1,
lower than that at 0.5% GO. This decrease could result from
excessive GO aggregation, which disrupts the conductive path-
ways. High concentrations of GO can sometimes lead to particle
clustering, reducing the effective contact between GO particles
and disrupting the formation of a consistent conductive
network. The results suggest that there is an optimal concen-
tration of GO in the polymer matrix for maximizing electrical
conductivity. In this case, 0.5% GO appears to be close to the
optimal concentration, where the GO particles form a well-
connected network, enhancing conductivity. Adding too much
GO (e.g., 1%) may lead to agglomeration, which can disrupt
conductivity by decreasing the uniform distribution of GO
throughout the polymer.90,91 Bode plots typically illustrate the
relationship between impedance magnitude (jZj) and phase
angle (q) as a function of frequency, providing insights into the
6274 | RSC Adv., 2025, 15, 6260–6280
frequency response and behavior of each supercapacitor
conguration (Fig. 13).92,93 The Bode plot of the supercapacitor
without GO typically shows relatively high impedance across
a wide frequency range, indicating a limited conductivity and
ion mobility within the structure. The phase angle remains
close to 0° at low frequencies, pointing to resistive behavior and
minimal capacitive response, likely due to the absence of GO's
conductive pathways. At higher frequencies, the impedance
magnitude may start to decrease, but overall, the lack of GO
limits charge transfer and overall electrochemical activity.94,95

With 0.1% GO (Fig. 13b), a slight improvement in impedance
response emerges as conductive pathways begin forming within
the PVDF-HFP matrix. The phase angle shi suggests a modest
increase in capacitive behavior, though still below optimal
performance. At low frequencies, the phase angle might indi-
cate both resistive and capacitive characteristics due to insuf-
cient GO to fully establish effective charge pathways and ion
movement.96 At 0.5% GO concentration (Fig. 13c), the Bode plot
typically shows a signicant decrease in impedance at both low
and intermediate frequencies, reecting improved conductivity
due to optimized GO dispersion within the matrix. The phase
angle may approach −45° at certain frequencies, indicating
a more balanced capacitive behavior that suggests enhanced
charge storage and transfer properties. This conguration likely
achieves the best compromise between resistive and capacitive
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Leakage current as a function of time for PVDF-HFP_GO@PET-g-PAA solid-state supercapacitors with various GO content: 0% GO (a),
0.1% GO (b), 0.5% (c), 1% GO (d).
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performance, explaining why the 0.5% GO content oen yields
the highest specic capacitance, as evidenced by earlier elec-
trochemical tests.97 With further increased GO (1% wt –

Fig. 13d), impedance reduction at high frequencies is seen, but
low-frequency impedance may increase slightly due to potential
GO agglomeration. This phase angle uctuation suggests
inconsistent capacitive behavior, likely due to ion movement
hindrance from agglomerated GO. Although conductivity may
initially seem high, the agglomeration can lead to non-uniform
charge distribution and ion blocking, reducing effective
capacitance and efficiency over time.98

The leakage current test results in Fig. 14 reveal varied
behaviors across different graphene oxide (GO) concentrations,
highlighting the inuence of GO content on the PVDF-
HFP_GO@PET-g-PAA membrane. For the sample without GO,
the leakage current shows a steady reduction over time, indi-
cating a low-leakage prole due to the absence of additional
conductive pathways, which likely stabilizes the membrane
structure. The low leakage in this sample aligns with the
absence of conductive additives. At 0.1% GO, leakage current
decreases further, suggesting even lower initial leakage
compared to the 0% GO sample. This could be attributed to the
sparse dispersion of GO, which may not form signicant
conductive paths and therefore limits ion migration. For the
0.5% GO sample, the leakage current reduction from over 300
seconds indicates a balance between conductive pathways and
minimal charge loss, with a lower ending leakage current
implying effective charge retention. This result aligns well with
© 2025 The Author(s). Published by the Royal Society of Chemistry
the EIS and CV data, suggesting 0.5% GO as an optimal
concentration for balancing capacitance and leakage control.
The 1% GO sample shows an initially high leakage current (∼12
mA), which decreases over time but remains relatively elevated,
indicating signicant charge loss. This high initial leakage
could result from excess GO, potentially creating undesirable
conductive pathways that increase leakage.99–101 These ndings
emphasize that GO content needs to be carefully optimized to
enhance conductivity and capacitance without introducing
excessive leakage. 0.5% GO appears to be the ideal concentra-
tion, achieving stable capacitive behavior as indicated by EIS
(low impedance but high leakage resistance), CV (high current
with distorted shape), and leakage current results.

The previously discussed results pertain to membranes with
composite nanobers applied to only one side of the surface. To
further enhance the supercapacitor's capacity, PVDF-HFP_GO
bers containing 0.5% GO were spun onto both sides of the
membrane. The advantages of this dual-sided ber coating
approach were highlighted in earlier studies,102 where it was
shown to signicantly improve surface area and electro-
chemical performance. As illustrated in Fig. 15, applying bers
on both sides of the graed TeMs resulted in a marked
improvement in electrochemical behavior. Specically, Fig. 15a
shows a 20% increase in capacitance, rising from 0.25 to 0.30.
Additionally, Fig. 15b demonstrates that the operational life-
time of the supercapacitor extended from 600 to 980 cycles. This
dual-sided ber coating enhances ion accessibility and charge
RSC Adv., 2025, 15, 6260–6280 | 6275

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra08055f


Fig. 15 GCD curves of SSC whose single-side and double-side covered with 0.5% GO containing nanofibers at a current density of 0.5 A g−1 (a),
and specific capacity vs. cycle number for these two compositions (b).

Table 4 Ionic conductivity of different types of PVDF-HFP GPE filled with GO

GO-based GPE Ionic conductivity (mS cm−1) Ref.

PVDF-HFP/PANI_GO ternary membrane 6.64 × 10−4 51
PVDF-HFP-PEO_GO 2.1 79
PVDF-HFP_GO (1.0% GO) 1.90 × 10−4 52
PVDF-HFP_GO (2.5% GO) 4.23 × 10−4

PVDF-HFP_GO (5% GO) 3.01 × 10−4

PVDF-HFP_5EMIMBF4_GO (1.0% GO) 25.0 2
PVDF-HFP_GO (0.2% GO) 26.0 103
PVDF-HFP_GO@PET-g-PAA (0.5% GO) 39.08 × 10−3 This study
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transfer efficiency, leading to superior energy storage and
stability.

Consequently, ionic conductivity increased about 2.5 times,
reaching 39.08 × 10−3 mS cm−1 aer double-sided coating of
the PAA-graed PET TeM. By increasing the surface area for
electrochemical reactions and improving the structural integ-
rity of the membrane, this approach offers a signicant step
forward in optimizing supercapacitor performance.

Table 4 summarizes the performance of various GO-based
GPE electrolytes. It can be observed that the PVDF-HFP_GO
nanober-containing membranes developed in this study
show performance levels comparable to those reported in
previous studies. Although our results do not surpass the
highest-performing examples in the literature, the exibility
and material stability of the PET substrate offer a signicant
advantage. These properties make the PVDF-HFP_GO@PET-g-
PAA membranes a promising alternative for supercapacitor
applications, with the potential for further optimization and
enhancement.

4 Conclusion

This study successfully developed a novel hybrid membrane by
combining RAFT-mediated graing of poly(acrylic acid) (PAA)
6276 | RSC Adv., 2025, 15, 6260–6280
onto PET track-etched membranes (TeMs) with the integration
of electrospun composite nanobers containing graphene oxide
(GO) and poly(vinylidene uoride-co-hexauoropropylene)
(PVDF-HFP). This two-stage modication process signicantly
enhanced the membrane's electrochemical performance while
maintaining its inherent exibility and mechanical stability,
making it a promising candidate for exible energy storage
applications.

The graing of PAA onto the membrane surface and nano-
pore walls introduced ion-conductive pathways, while the
incorporation of GO-doped nanobers further improved surface
area and ionic conductivity. The hybrid membrane with an
optimal GO concentration of 0.5% demonstrated remarkable
electrochemical properties, achieving a specic capacitance of
10.3 F g−1 at 3 mV s−1, a substantial improvement over the
graed membrane without nanobers (0.05 F g−1) and the
pristine TeM (0.004 F g−1). This highlights the synergistic effect
of graing and electrospinning, as well as the critical role of GO
in enhancing ionic transport.

The ionic conductivity of the hybrid membranes reached
14.83 × 10−3 mS cm−1 for single-sided nanober-covered
membranes and 39.08 × 10−3 mS cm−1 for double-sided
congurations, signicantly outperforming conventional
© 2025 The Author(s). Published by the Royal Society of Chemistry
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polymer-based electrolyte membranes (∼10−4 to 10−2

mS cm−1). The optimal GO concentration also improved elec-
tronic conductivity, with Bode plots showing reduced imped-
ance at low and intermediate frequencies, indicating enhanced
ion transport due to well-dispersed GO within the polymer
matrix. Additionally, the 0.5% GO sample exhibited reduced
leakage current aer 300 seconds, further conrming its
stability.

Despite these advancements, performance degradation aer
500 cycles and challenges at higher current densities highlight
areas for future optimization. Key strategies include strength-
ening GO–polymer interactions, improving structural integrity
under cycling stress, and exploring alternative polymer matrices
or reinforcement techniques. These improvements will be
crucial for enhancing durability and performance in practical
applications. This study demonstrates the potential of
combining RAFT-mediated graing and electrospinning to
develop advanced TeMs for energy storage. By rening polymer–
ber interactions and exploring new composite materials,
future work can further enhance the performance and dura-
bility of these membranes, paving the way for next-generation
exible energy storage devices.
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