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d performances analysis of eco-
friendly pullulan/ polyvinyl alcohol composites
based all-solid-state supercapacitors

Elyes Bel Hadj Jrad,ac Francesca Soavi *b and Chérif Dridi*a

Next-generation electronic devices, including embedded microsystems and wearable technologies,

require the development of safe, and low-cost energy storage systems to meet the 21st-century society

demands. In this context, several ecological binders have been developed and amended in order to

achieve high-performance carbon-based supercapacitors. This work demonstrates a solid state-based

supercapacitor using Pullulan (Pu)/Polyvinyl Alcohol (PVA) composite as an eco-friendly binder for the

first time, for carbon-based electrodes development. Furthermore, PVA/KOH/Glycerol (GCy) blends are

used as conductive electrolytes towards safe and light weight devices manufacturing. The electrodes are

fabricated through simple and low-cost hand-painting (paint brush) on Nickel foam substrates. The

device shows an interesting areal capacitance of 176 mF cm−2 at 10 mV s−1, energy and power densities

of 25 mWh cm−2 and 3.2 mW cm−2 respectively, at 0.5 A g−1. More importantly, the device demonstrates

robust mechanical strength with excellent reversibility across various bending angles (0°, 90°, 180°), with

a capacitance retention of 90% after 10 000 charging/discharging cycles while maintaining an important

coulombic efficiency (>95%). The outcomes of this work are quite promising compared to many

reported studies, opening wide potential application in the field of handheld electronics.
1 Introduction

The supercapacitor (SC) market is estimated to reach 912
million USD in 2027, instead of 472 USD millions in 2022,
within a Compound Annual Growth Rate (CAGR) of 14.1% in all
over the world.1 In fact, electrical double layered capacitors
(EDLCs) present the largest market share segment for their high
power and long life-cycle. The long-standing conventional
orientation for the prosperity and improvement purposes of
commercial supercapacitors relies on nanocomposite materials
and innovative electrolytes integration towards boosting their
energetic performances. However, in light of numerous studies
addressing environmental challenges and evolving patterns in
global electricity consumption, as reported by the International
Energy Agency (IEA),2 it is necessary to emphasize the integra-
tion of ecological and green materials towards low cost and
environmentally friendly energy harvesting/storage devices.3

Furthermore, today's innovative scientic research is interested
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particularly, in lightweight supercapacitors to answer the needs
of the next generation technology.

Supercapacitors are classied into EDLCs, pseudocapacitors,
and hybrid supercapacitors based on their charge storage
mechanisms, while solid-state supercapacitors (SSCs) follow the
same classication but utilize solid or gel polymer electrolytes
instead of liquid ones, offering improved safety, exibility, and
stability. In fact, Solid-State Supercapacitors (SSCs) are
advanced energy storage devices that operate based on two
primary charge storage mechanisms: EDLC, which relies on the
physical adsorption of ions at the electrode/electrolyte interface,
and pseudocapacitance, which involves fast, reversible redox
reactions on the electrode surface. SSCs typically incorporate
dry solid polymer electrolytes (SPEs), gel polymer electrolytes
(GPEs), or inorganic electrolyte, which provide moderate ionic
conductivity and wide operating potential window, while elim-
inating leakage risks associated with liquid electrolytes.4 This
design enables the development of lightweight and thin energy
storage devices suitable for wearable electronics and portable
devices. The performance of SSCs is heavily inuenced by the
electrode materials, oen nanostructured carbons, metal
oxides, or conductive polymers, as well as the ionic mobility
within the solid electrolyte matrix. Despite their advantages in
safety, mechanical robustness, and design versatility, SSCs face
challenges such as relatively lower specic capacities and
energy densities compared to their liquid-based counterparts.5

Therefore, several studies focused on the development of
J. Mater. Chem. A
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supercapacitor's electrodes using metals and metal oxides for
high-performance energy storage devices manufacturing. These
materials are known for their excellent electrical conductivity,
high specic capacitance, and robust electrochemical
stability.6–8 Despite their advantages, metals and metal oxides
face challenges such as poor cycling stability due to structural
degradation during charge–discharge cycles, limited rate capa-
bility caused by sluggish ion diffusion in bulk materials, and
potential agglomeration or volume changes that can compro-
mise electrode integrity and performance over time.9 In this
context, Activated Carbon (AC) was widely used for super-
capacitors electrodes development. The high porosity, different
pore size distribution, high specic surface and more impor-
tantly the low-price,10 made AC a suitable and safe material that
can be recognized in several elds including, water remedia-
tion, gases ltering, health-care area, medical applications,
energy storage devices and many others.11–13

The fabrication of supercapacitor electrodes heavily relies on
conventional binders like Polyvinylidene Fluoride (PVDF) and
Polytetrauoroethylene (PTFE) which present signicant chal-
lenges, including the requirement of toxic organic solvents,
such as N-methyl-2-pyrrolidone (NMP) and Dimethyl Sulfoxide
(DMSO) that raises environmental and safety concerns.14

Therefore, several ecological binders such as CarboxyMethyl
Cellulose (CMC), Styrene Butadiene Rubber (SBR), Gelatine,
Chitosan and Casein were investigated for the preparation of
carbon-based electrodes.15 Pullulan (Pu) and Polyvinyl Alcohol
(PVA) share a wide number of physicochemical properties such
as the biocompatibility, biodegradability and non-toxicity,
which made them quite promising materials for the energy
storage eld development. In addition, both Pu and PVA, even
mixed with glycerol (GCy) plasticizer, demonstrated high
thermal stability above 200 °C.16–18 Pu has been used as a green
binder for the rst time for a highly voltage (3.2 V) Pu-Ionic
Liquid-EDLC supercapacitors in ref. 17–19. A. Brilloni et al.
compared the use of Pu as a water-processable binder to PVDF
for Lithium metal batteries.16,20 Additionally, poly(vinyl alcohol)
(PVA) composites have been already widely used as eco-friendly
binders for electrodes development, in particular for solid state
supercapacitors manufacturing.16,21 However, in contrast to
PVA, Pu based lms exhibit some important limitations such as
brittleness and poor mechanical strength.22 More importantly,
the poor water resistance of Pu makes its use irrelevant for
supercapacitors development when aqueous and/or water-
based electrolytes are employed. Therefore, the incorporation
of Pu based carbon electrodes on aluminium foils in a bendable
and lightweight solid state supercapacitor conguration was
recently reported by our team,23 in order to prevent lms
degradation issues in water-based mediums. The device was
assembled using PVA/KOH-GCy solid electrolyte featuring an
ionic conductivity of 3.6 mS cm−1 at room temperature. The
supercapacitor showed a areal capacitance of 155 mF cm−2 at
5 mV s−1, with an excellent stability (>91% aer 9000 cycles) at
an operating potential of 1.4 V. Notably, Pu based device
demonstrated important energetic performances compared to
other studies reported in literature, unveiling the signicant
J. Mater. Chem. A
potential of Pu in supercapacitor manufacturing and energy
storage prosperity.

Nevertheless, and as far as we know, Pu/PVA composites
have never been published as potential binders for super-
capacitors and/or batteries applications. First of all, the incor-
poration of PVA into pullulan signicantly enhanced the
thermal stability of the membranes, indicating that the
improved thermal behaviour of the Pu/PVA blend system can be
attributed to the presence of PVA, in agreement with the nd-
ings reported by M. R. Karim et al.24 The composite experience
primary decomposition between 250–400 °C.24 This enhanced
thermal stability is benecial for supercapacitor applications,
where materials experience elevated temperatures during
operation and cycling.

Besides, many works have been reported towards the
improvement of thermoplastic and water resistance properties
of such blends towards more sustainable, robust and stable
lms. For instance, Iuliana S. et al. reported the excellent
stability of Pu/PVA hydrogels blends against dissolution in
water for Adipose Tissue Engineering.25 Naozumi T. et al.
studied the morphological and mechanical properties Pu-PVA
blends doped with Glyoxal.26 Pu/PVA/Montmorillonite27 and
PVA/Pu/Ag28 nanobers were also elaborated through electro-
spinning method for several prospective uses. More impor-
tantly, researchers are increasingly focusing on developing
novel techniques for supercapacitors electrodes manufacturing
using simple, low-cost manufacturing approaches that do not
require complex instruments or stringent conditions, such as
screen printing and electrodeposition techniques. This shi
aims to enhance the scalability and commercial viability of
supercapacitors while reducing production costs.

Therefore, this work demonstrates the Pu blending strategy
with PVA polymers towards biocompatible and environmentally
friendly binders for all carbon-based electrodes development
for the rst time as far as we know. Indeed, this work focuses on
three main strategic aspects: ecological sustainability,
economic efficiency, and electrochemical performance. From
an ecological perspective, the use of Pu, PVA, and their blends
as binders avoid conventional peruorinated binders such as
PTFE and PVDF, which require toxic organic solvents like NMP.
Replacing these materials with water-soluble biopolymers
represents a more sustainable and environmentally friendly
approach. Economically, Pu and PVA offer a signicant cost
advantage over conventional binders and solvents. For example,
considering costs claimed by today's chemical providers at
a lab-scale, in a conventional process, the combined cost of 1 g
of PTFE (1.75 V) and 1 mL of NMP (0.68 V) reaches approxi-
mately 2.43 V, excluding carbon and substrate costs. In
contrast, 1 g of Pu (0.21 V) or PVA (0.30 V) can be dissolved
directly in distilled water, resulting in a substantially lower
overall cost. In addition, the electrodes are fabricated using
a simple solution-casting method with a conventional hand
brush, avoiding complex and energy-intensive techniques such
as doctor-blade coating. Finally, blending Pu with PVA serves
two key purposes: (i) enhancing the mechanical stability of Pu,
which is inherently brittle compared to PVA, and (ii) mitigating
Pu degradation in aqueous environments and water-based
This journal is © The Royal Society of Chemistry 2026
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electrolytes, thereby improving electrode durability and
performance. This strategy further opens new opportunities for
the development of advanced Pu-based carbon electrodes with
potential applications in next-generation, sustainable energy
storage devices.

The carbon lms were successfully coated on Nickel foam
substrates. Solid state supercapacitors devices were developed
using PVA/KOH blends plasticized with Glycerol (GCy) as ionic
conductive mediums. What's more, the built-in strength, the
high porous structure and the excellent electrical conductivity
of Nickel foams made it possible to achieve safe and light
weight devices opening a great potential application in several
elds including smart textile and wearable devices. This work
aligns with the United Nations Sustainable Development Goals,
particularly SDG 7 (Affordable and Clean Energy) and SDG 11
(Sustainable Cities and Communities), by promoting environ-
mentally friendly, low-cost electrode materials and fabrication
processes for sustainable energy storage applications.
2 Experimental section

PVA (Mw = 89.000–98.000 g mol−1, 99 + % hydrolyzed) and GCy
(Mw = 92.09 g mol−1, Purity >99%) were both procured from
Sigma-Aldrich. Pu powders were purchased from the Tokyo
Chemicals Industry (TCI). Commercial AC (YP80F-05120 KUR-
ARAY, 2400 m2 g−1)29 and Carbon black (Super C45, Imerys,
Paris, France) were used for the supercapacitor's electrodes
fabrication. Nickel foams (diameter 0.9 cm) were obtained from
Alantum industries in Germany.
2.1 Carbon-based electrodes preparation

Carbon based lms on nickel foams substrates were prepared
as follows. Pu powder was mixed with GCy at a mass ratio of 1 :
1, then dissolved in 1 mL of MilliQ water. The mixture was
maintained under constant stirring at room temperature until
a transparent and homogeneous solution was obtained.
Subsequently, a mixture of Activated Carbon (YP80F) and
carbon black (C45) (as conducting additive) was introduced.
The continuous agitation results in a carbon ink like solution.
Similarly, Pu/PVA-Carbon based electrodes were prepared by
dissolving 0.5 g of PVA in a small amount of distilled water
(5 wt%). Aer two hours of constant stirring (300 rpm) at 95 °C,
GCy was added, and the mixture was stirred to form a compo-
sition of 80 : 20% of PVA to GCy. Thereaer, 42 mg of Pu and
42mg of PVA/GCy were mixed within 2 g of MilliQ water. AC and
CB were slowly added to form a ratio of 70 : 30% (Carbon:-
Binder). The beaker was covered to limit the solvent evaporation
and the mixture was kept under stirring for almost 24 hours
until a carbon-ink like solution was obtained.

Aerwards, both solutions were hand painted gently on the
nickel foams (1 cm × 0.5 cm) using a cleaned paint brush. Pu-C
and Pu/PVA-C based electrodes were then dried at room
temperatures and subsequently kept in an oven at 60 °C and
80 °C overnight respectively. The composite electrode loading
(excluding the Nickel foammass) was in the range of 2 to 2.3 mg
on a surface of 0.5 cm2 and a thickness of 13 mm to 21.5 mm for
This journal is © The Royal Society of Chemistry 2026
both samples. As a result, the capacities of the two electrodes
are expected to be well matched, and the N/P ratio is therefore
close to unity (N/P z 1). To simplify, both supercapacitors will
be denoted as Pu-D and Pu/PVA-D referring to Pu-C and Pu/PVA-
C based electrodes.
2.2 PVA-GCy/KOH blends preparation

The electrolyte blend was prepared as follows. Briey, 1 g of PVA
powder was vigorously stirred in 20 mL of distilled water (95 °C,
2 hours). Once the solution was cooled at room temperature,
GCy was introduced to form a 80 : 20% of PVA : GCy mixture. A
solution of 3 M of KOH was prepared separately then added
slowly (dropwise) to the mixture under stirring to produce a 60 :
40% PVA-GCy : KOH solution. Continuous agitation lasted for
almost 3 hours before putting the prepared viscous solution in
a Petri dish to dry at room temperature overnight. The PVA-GCy/
KOH lm is denoted as PGK for the rest of the study.
2.3 Characterization setup

Scanning Electron Microscopy (SEM) was performed to provide
detailed morphological information on the elaborated carbon-
based lms using an Apero 2S FEI (ThermoFisher Scientic)
instrument at an acceleration voltage of 15 kV. FTIR measure-
ments were performed to identify and analyze the chemical
composition and functional groups of Nickel foam, Pu-Carbon
and Pu@PVA-Carbon samples on Nickel foams substrates. All
FTIR spectrums were recorded using a “PerkinElmer's Spec-
trum Two™ IR“spectrometer at room temperature by applying
an infrared radiation at wavelength range from 4000 to
500 cm−1.

Electrochemical measurements including Electrochemical
Impedance Spectroscopy (EIS), Cyclic Voltammetry (CV) and
Galvanostatic Cycling with Potential Limitation (GCPL) were
performed for the 2- and 3 electrodes setups. All electro-
chemical analyses were conducted at ambient temperature (22
± 2 °C) using a BioLogic VSP multichannel potentiostat/
galvanostat/FRA workstation. A 3-electrodes system was made
using a T Swagelok-type conguration (BOLA Cell made from
Teon, BOLA GmbH, Grünsfeld -Germany, electrode area 0.63
cm2) with Pu-Carbon and/or Pu/PVA-Carbon as working elec-
trodes, Teon-Carbon self-standing lms as reference elec-
trodes. Stainless-steel pistons were used as current collectors
for both sides. Platinum wire was integrated gently as counter
electrode for the complete circuit building. Simultaneously,
symmetric solid-state supercapacitors were manufactured
within a sandwich structure in which the PGK lm was inte-
grated between both carbon-based electrodes (Pu-C or Pu/PVA-
C). For exibility tests and to make easily operated devices,
the supercapacitors were encapsulated using Kapton® poly-
imide exible lm tape to ensure excellent mechanical integrity
and physical stability. The KPIs of Pu-C and Pu/PVA-C
symmetrical devices, abbreviated as Pu-D and Pu/PVA-D, were
evaluated for comparison purposes. Carbon electrodes prepa-
rations, electrolyte synthesis and electrochemical measurement
setups are illustrated in Fig. 1 below.
J. Mater. Chem. A
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Fig. 1 (a) Carbon based electrodes preparation and PVA-GCy/KOH
electrolyte blends synthesis (b) Electrochemical measurements
configurations.

Fig. 2 SEM images, at a scale of 50 mm (a) Pu-C (b) Pu/PVA-C.

Fig. 3 Schematic illustration of the blending process of Pu with PVA,
highlighting the interaction between the polymer chains.

Fig. 4 Nyquist diagrams for Pu-D and Pu/PVA-D from 500 kHz to 100
mHz.

Table 1 Resistances and constant phase elements evaluated by EIS
data fitting EIS for Pu-D and Pu/PVA-D supercapacitors

R1 (U) R2 (U) CPE1 (F sn−1) n1 CPE2 (F sn−1) n2

Pu-D 40.08 41.43 0.013 0.76 0.29 10−3 0.50
Pu/PVA-D 37.92 30.63 0.018 0.75 0.25 10−3 0.55
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Moreover, the areal capacitances (Careal) as well as the
coulombic efficiencies (CE) were evaluated using the following
equations.
J. Mater. Chem. A
Careal ¼
DQ ðCoulombÞ
DV ðVoltsÞ
Aðcm2Þ (1)

CEð%Þ ¼ QDischarge

QCharge

� 100 (2)

where DQ is the change in released charge in coulombs, DV is
the voltage window, A is the electrodes area (cm2). QCharge and
QDischarge are the stored and released charges respectively. The
device specic capacitances were calculated by dividing the
capacitance by the total mass of both electrodes.
3 Results and discussion
3.1 Morphological and structural analyses

Fig. 2 depicts the SEM images of the prepared Pu-C and Pu/PVA-
C, at scales of 50 mm. Fig. 2(a) shows that Pu-C reveals amor-
phous surface with varied shapes and irregular distribution.
Conversely, Pu/PVA-C displays a more uniform layer, with the
carbon surface showing regular shapes in a more rened and
developed manner (Fig. 2(b)). Moreover, both samples show
cross linked networks with voids and channels at different sizes
and shapes. This further conrms the porosity nature and the
highly porous structures with interconnected pores which is in
accordance with I.A. Plugariu et al. work,30 in which Pu/PVA
hydrogels with different ratios were morphologically and
This journal is © The Royal Society of Chemistry 2026
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Fig. 5 (a) Cyclic voltammograms at 10 and 100 mV s−1 and (b) GCPL
profiles at 0.5 and 1 A g−1, for Pu-C and Pu/PVA-C based super-
capacitors. (c) and (d) CV at different scan rates and (e) and (f) GCPL
with cell cut-off voltage 0–1.4 V, for both devices.

Fig. 6 GCD profiles at all cycles for (a) Pu-D and (c) Pu/PVA-D. Trends
of the capacitance retention and CE during 10 000 cycles at 1 A g−1,
with cell voltages from 0 to 1.4 V, for (b) Pu-D and (d) Pu/PVA-D
respectively.

Fig. 7 (a) Nyquist plots (b) cyclic voltammograms at 10 mV s−1 and (c)
GCPL profiles at 1 A g−1 for Pu-D at different bending angles, (d)
Nyquist plots (e) cyclic voltammograms at 10 mV s−1 and (f) GCPL
profiles at 1 A g−1 for Pu/PVA-D at different bending angles.

Table 2 Areal and specific capacitances for Pu/PVA-D at 10 mV s−1

under different bending angles

Bending angle
Areal capacitance
(mF cm−2)

Specic capacitance
(F g−1)

0° 141 35
90° 168 42
180° 174 44

Table 3 Ohmic drop (DV), discharge time, ESR, energy and power
densities and CE for Pu/PVA-D supercapacitors at 1 A g−1 for different
bending angles (0°, 90°, 180°)

DV(V) Dt (s) ESR (U)
C
(mF cm−2)

P
(mW cm−2)

E
(mWh
cm−2) CE (%)

0° 0.42 5.80 91.30 59.80 10.20 16.30 99.00
90° 0.46 6.17 100.00 61.40 9.80 16.70 97.30
180° 0.29 8.55 63.04 74.50 8.80 20.30 96.90
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physically investigated. Moreover, the PVA incorporation effect
can be recognized from the blending effects, which is due to the
PVA hydroxyl groups (–OH) interactions with Pu. The hydroxyl
groups in PVA can form hydrogen bonds with the hydroxyl
This journal is © The Royal Society of Chemistry 2026
groups in Pu, leading to blending and some degree of interac-
tion at the molecular level. This has been already reported
in M.R. Karim et al.24 as well as Plugariu et al.30 works. These
ndings are further discussed in the SI.

Additionally, compared to Pu-C (Fig. 2(a)), the Pu/PVA-C
composite (Fig. 2(b)) exhibits visibly smaller particle features
J. Mater. Chem. A
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Fig. 8 (a) Series connection of two fabricated Pu/PVA-Carbon
supercapacitors (b) 3 V LED powered after charging for 5 minutes to
3 V.
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and a more compact and homogeneous surface texture, sug-
gesting a ner dispersion of the active phase within the PVA
matrix. The presence of PVA likely limits particle agglomeration
during composite formation, leading to reduced particle
dimensions and improved distribution. Indeed, Pu is known for
its highly amorphous nature,31 as well as its low degree of
hydrogen bonding in its crystal form.32 This is primarily due to
its irregular glycosidic linkages, which prevent ordered packing,
while PVA's strong hydrogen bonding allows for some degree of
crystallinity (Fig. 3).

Chemically speaking, when PVA is chemically added to Pu,
both polymers can form a cross-linked network and interact
mainly through hydrogen bonding between the hydroxyl groups
of Pu and PVA. This results in a uniform polymer mixture or
lm. These structural changes lead to enhanced tensile strength
and exibility. The water solubility may be also reduced due to
the cross-linking effects, making the blends suitable for humid
or aqueous conditions, which, in turn, mitigates the degrada-
tion of pure Pu-based lms in aqueous electrolytes. Moreover,
as depicted in Fig. S1, the Ni Foam spectra demonstrates
a characteristic peak at 1586 cm−1 wavelength, which is
a possible sign of carbonyl groups (C]O Stretching), possibly
from adsorbed atmospheric carbon dioxide or contaminants.33

Vibrations with signicant low intensities at the range of 1400–
Table 4 Comparison of areal capacitance, maximum cell voltage, energy
with some reported flexible PVA based solid-state supercapacitors

Structure C (mF cm−2) D

PANI NTs//PVA-H2SO4//PANI NTs 237.5 0.
AC//PVA/SA/MXene-NaCl//AC 130.8 —
Ti/K2Ti4O9@Ni(OH)2//PVA-KOH//Ti/K2Ti4O9@Ni(OH)2 5.8 0.
LIG//PVA-H2SO4//LIG 9.11 1
PEDOT-GO/U-C//PVA-H3PO4//PEDOT-GO/U-C 30 1
PANI-ZIF67-CC//PVA-H2SO4//PANI-ZIF67-CC 35 1
CeON/Ni//iPVA-KOH//CeON/Ni 31.82 1.
AC//PVA-PI//AC 130 1
Fe-Tp//PVA-H2SO4//Fe-Tp 106.25 1.
LIG-CB-Pub//PVA-H2SO4//LIG-CB-Pub 54.4 3
Zn–MnO2@CC//PVA-Na2SO4//Zn–MnO2@CC 81.4 2.
AgNPs@CM//KOH(1 M)//PAC 60.4 1.
AC//PVA/GCy-KOH//AC 92 1.

J. Mater. Chem. A
500 cm−1 may be attributed to adsorbed organic contaminants
and/or residues adsorbed on the foam. Moreover, the Pu-
Carbon lm exhibits peaks at 790 cm−1, 880 cm−1 and
940 cm−1 which corresponds to a-(1,4) glucosidic bonds, a-
glucopiranosid units and a-(1,6) glucosidic bonds presence. The
vibrations at the wavelength range of 1035–1259 cm−1 are
associated to C–O stretching. Furthermore, CH/CH2 deforma-
tion vibrations can be seen clearly between 1300 and 1506 cm−1

wavenumbers. The bands in the range of 2850–3000 cm−1 are
attributed to the stretching vibrations of CH and CH2 groups.
An exceptionally intense and broad hydroxyl band is observed in
the range of 3000–3600 cm−1. These ndings are in accordance
with several studies such as Md. Shahidul Islam et al.,27 in
which the effect of Pu/poly(vinyl alcohol) composites on mont-
morillonite mineral properties was investigated through several
characterization techniques (FTIR,XRD,TEM,TGA). The same
trends were also shared by S. Tabasum et al. in a comprehensive
overview of Pu and its composites, and their applications in
food industry, water treatment and pharmaceutical industry.22

The Pu@PVA-Carbon blends depict almost the same structural
behaviour as the bare Pu-based lm with slight differences in
terms of new peak appearance and intensities variations as di-
scussed in ref. 22–24. By adding PVA, appearance of new peaks
at the 1400 cm−1 and 1248 cm−1 can be recognized. Slight shis
in terms of peak positions may be seen, which are attributed to
hydrogen bonding between hydroxyl groups in Pu and those in
PVA polymer.
3.2 Three electrodes setup measurements

Fig. S2 compares the Nyquist plots recorded for both electrodes.
The low frequency behaviour (1 Hz to 100 mHz) is almost
similar: a nearly vertical line is observed for each plot which is
a sign of the good capacitive response for both electrodes.34,35 At
the highest frequencies (500 kHz to 1 kHz) the Nyquist plots of
both samples show two semicircles, that are typically attributed
to the electrode grain boundary resistance and ionic percolation
inside the porous electrodes. The intercept of the semi-circle
and power performances and capacitance retention for the Pu/PVA-D

V (V)

E
(mWh
cm−2) P (mW cm−2) Capacitance retention (%) Ref.

6 24.31 2.74 95.2% aer 2000 cycles 46
18.7 0.5 88.9% aer 5000 cycles 47

8 720 0.16 92.7% aer 10 000 cycles 48
— — 98% aer 8000 cycles 49

2.2 0.2 89% aer 10 000 cycles 50
44 0.245 80% aer 2000 cycles 51

4 — — 81.2% aer 10 000 cycles 52
16.7 0.41 95.3% aer 10 000 cycles 53

2 5.31 — 80.0% aer 36 000 cycles 54
68.1 0.3 95.8% aer 6000 cycles 55

25 196 2.38 83% aer 4000 cycles 56
5 18.3 10.237 78.1% aer 2000 cycles 57
4 25.0 3.2 90% aer 10 000 cycles This work

This journal is © The Royal Society of Chemistry 2026
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with the real axis at the highest frequency corresponds to the
series resistance (RS) which includes electrode/current collec-
tors and bulk electrolyte resistances. As it is shown, an RS (2.96
U) was obtained for the Pu/PVA-C electrode which was lower
than that of the Pu-C based one (42.66 U). This huge factor
difference (14 times) indicates that the Pu and PVAmixture may
contribute strongly to the electrode performance enhancement
by enabling higher electrical conductivity and lower internal
resistance of the cell. The benecial effect of the use of Pu/PVA
blend can be related to the ne and uniform electrode particle
distribution observed by SEM (Fig. 2), which improves contact
between conductive components, creating additional percola-
tion pathways for electrons, and increases carbon electrode/
electrolyte contact interface. At the mid frequency regions,
a non-vertical line (broad knee) is observed for both electrodes,
translating the ion transport limitation in the porous struc-
tures. This can be attributed to the non-uniform pathways for
ion transport from the bulk electrolyte to the surface pores.
Furthermore, the intersection of this line with the Re(Z) resul-
ted in a smallest angle for the Pu/PVA-C compared to the Pu-C
sample, revealing shorter pathways for ions towards the
pores. At the low frequency region, both electrodes exhibited
nearly vertical lines revealing the capacitive behaviour domi-
nance of the studied materials.36,37 More importantly, this low-
frequency characteristic increases sharply for the Pu/PVA-C
compared to the Pu-C one, which may be a sign of a faster
storage and release of electrical charge for the Pu/PVA-C elec-
trode. In Fig. S3, all CV curves shows similar quasi-rectangular
shapes within the studied potential window (from −1 to 1 V),
with no redox peaks, demonstrating that the capacitive behav-
iour is driving the electrode response, which is in accordance
with the EIS observations.33 Moreover, higher voltammograms
areas were obtained for the Pu/PVA-Carbon electrode which is
a sign of higher expected areal capacitances and thus better
energy densities within a same applied potential. The
maximum achieved areal capacitance was 350 mF cm−2 with
a coulombic efficiency (CE) of 92.45% from −1 to 0 V for the Pu/
PVA-Carbon electrode.

Fig. S4 illustrate the CE of both electrodes in function of the
applied potential. The CE of the Pu-C electrode was slightly
higher than 99% for DV = 1.4 V (99.16% from 0 to 0.5 V and
99.36% from 0 to −0.9 V respectively). For the same potential
window, Pu/PVA-C electrode exhibited slightly lower CE values
(>95%) which indicates that both electrodes present quite
promising properties such as the long lifespan and minimal
capacitance losses during cycling.
3.3 Solid state supercapacitor analyses

This section offers insights into the electrochemical perfor-
mance of Pu-D and Pu/PVA-D symmetric solid-state cells. All
fabricated supercapacitors were designed in two electrodes
(rectangular shapes) symmetrical congurations within the
PGK lm sandwiched between the carbon-based electrodes. The
active surface area of both electrodes was 0.5 cm2 with a mass
loading (excluding the Nickel foam mass) of 2 mg (Pu-C) and
2.3 mg (Pu/PVA-C) respectively. The electrochemical behaviour
This journal is © The Royal Society of Chemistry 2026
of both devices was studied via EIS within the range of 100 kHz
to 100 mHz and a 10 mV AC perturbation. CV curves were
recorded under a cell voltage window of 1.4 V from 10 mV s−1 to
500 mV s−1 scan rates. GCPL measurements were evaluated
from 0 to 1.4 V at different specic current densities 0.5, 0.8, 1
and 2 A g−1.

3.3.1 EIS study. Fig. 4 reports the Nyquist plots recorded
within the frequency range of 500 kHz to 100 mHz under 10 mV
AC perturbation. Clearly, a similar electrochemical behaviour
was observed for both devices. The plots were numerically
modeled through the electrical equivalent circuit as illustrated
in the inset. All electrochemical/electrical parameters were ob-
tained from Zt option (EC-Lab V2.17 Soware) and are illus-
trated in Table 1.

CPE1 and CPE2 are two constant phase elements which
models the non-ideal capacitive behaviour of the system. R1 is
related to the electronic contact resistance, and electrolyte ionic
resistance. R2 refers to percolation resistances (electronic
resistance and ions resistance within the pores). The detailed
description of the circuital elements is detailed in the SI le.
Both devices feature almost similar R1, which is expected since
all samples were assembled and characterized under the same
experimental conditions. However, R2 for Pu/PVA-D is 1.5 times
lower than that of Pu-D, revealing improved contact and
electrode/electrolyte interface. Lower R2 indicates faster and
more efficient ion adsorption/desorption at the electrode/
electrolyte interface, which is benecial for achieving high
energy and power performances.The benecial effect of the use
of Pu/PVA blend can be related to the ne and uniform elec-
trode particle distribution observed by SEM (Fig. 2), which
improves contact between conductive components, creating
additional percolation pathways for electrons, and increases
carbon electrode/electrolyte contact interface.

At the low frequency region, the observed nearly vertical lines
for both devices revealed the capacitive behaviour dominance
for both structures.32,34 Moreover, the same performances were
perceived as the one seen in the 3-electrodes EISmeasurements.
Briey, shorter low-frequency characteristic as well as smallest
angle at the intersection of the low frequency line with Re(Z)
were observed for the Pu/PVA-C based supercapacitor compared
to the Pu-C based one. These ndings indicate faster capacitive
process for Pu/PVA-D.

Indeed, real-world circuits can be complex with numerous
components and interactions. As commonly known, equivalent
circuits provide a simplied representation that captures the
essential behaviour of the circuit without unnecessary detail.
This abstraction makes analysis and design more manageable
and understandable. In this context, several other electrical
models have been proposed for Nyquist plots modelling when
carbon-based supercapacitors are involved.

Table S1 lists some of the possible adopted electrical circuits
for describing supercapacitors electrodes/electrolytes interfaces
in different electrolytes when carbonmaterials are employed. In
fact, authors typically focus on describing the physico-chemical
phenomena occurring at the electrode/electrolyte interfaces
through electrical parameters investigations. For instance, the
incorporation of the Warburg Impedance element ‘ZW’ within
J. Mater. Chem. A
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the equivalent circuit represents the diagonal line with a slope
of 45° in the low-frequency region of the Nyquist plot. Moreover,
electric capacitors are employed to describe the electrodes pure
capacitive behaviour which is mostly represented by a vertical
line at the low frequency region, starting from the origin of the
Nyquist diagram and extending upwards. However, real capac-
itors oen exhibit deviations from this ideal behaviour due to
factors such as non-uniform charge distribution, surface
roughness, and other imperfections. In such cases, the CPE is
used to model systems where the capacitive behaviour deviates
from ideality.

3.3.2 Cyclic voltammetry and GCD measurements. The
symmetric EDCs were further investigated through the cyclic
voltammetry technique and GCPL measurements under
different scan rates (from 10 to 500 mV s−1), and current
densities (from 0.5 to 2 A g−1), keeping the same 0–1.4 V cell
voltage cut off. The voltammograms and GCPL curves for both
Pu-C and Pu/PVA-C based devices are reported in Fig. 5.
According to the obtained voltammograms, the Pu/PVA-C
supercapacitors demonstrate slightly higher currents with
larger enclosed area, revealing higher capacitive behaviour. The
GCD proles share almost the same trends with the presence of
voltage drops, which are mainly attributed to the PVA-based
electrolyte resistance.38 Indeed, in polymer lm electrolytes, ion
transport occurs through segmental motion of polymer chains
and hoppingmechanisms, which are inherently slower than ion
diffusion in liquid electrolytes. In addition, the ESR which
comprises the intrinsic resistance of the electrodematerials, the
ionic resistance of the polymer electrolyte, and the interfacial
contact resistance at the electrode/electrolyte interfaces, plays
a crucial role in governing the magnitude of the IR drop. At low
current densities, these resistive contributions are less domi-
nant, resulting in a relatively small voltage drop, whereas at
high-rate operation, their combined effect becomes more
signicant. Furthermore, in solid-state congurations, imper-
fect interfacial contact and restricted electrolyte penetration
into the porous electrode structure can further exacerbate the IR
drop under high-current conditions.38 It is worth noting that
current densities of 2 A g−1 correspond to 8 mA cm−2, which is
relatively extremely high compared to many reported works refs
(1.6 mA cm−2),39, (2 mA cm−2),40, (1 mA m−2)41 and (7 mA
cm−2).42

According to Fig. 5(c) and (d), the voltammograms for both
devices exhibited the same quasi-rectangular and symmetrical
proles. Indeed, the shape transition from the nearly rectan-
gular (low scan rates) to the distorted proles (high scan rates)
translates the nonideal cycling behaviour during measure-
ments. It was also reported by D. Bookpandee et al.,43 that the
blunt and slanted shapes of the obtained voltammograms are
mainly due to imperfections and uneven ions redistribution
when LiCl/PVA gels are employed as ionic mediums. These
results are in accordance with the GCPL curves illustrated in
Fig. 5(e) (for Pu-D) and 5(f) (for Pu/PVA-D). Indeed, symmetrical
and linear triangular-like shapes are observed for almost all
studied current densities, revealing the excellent reversibility
and the good EDLC behaviour.44,45 The maximum calculated
areal capacitances were 176 mF cm−2 (44 F g−1) for the Pu/PVA-
J. Mater. Chem. A
D and 126 mF cm−2 (32 F g−1) for the Pu-D, at 10 mV s−1. The
areal capacitances at 50 and 100 mV s−1 were, 121 mF cm−2 (30
F g−1) and 103 mF cm−2 (26 F g−1) for the Pu/PVA-D. Pu-D
exhibited only 95 mF cm−2 (24 F g−1) and 81 mF cm−2 (20 F
g−1) at the same experimental conditions.

The supercapacitor KPIs, including the voltage drop (DV),
discharge time (Dt), power (P) and energy (E) densities and the
coulombic efficiency (CE) were calculated at 0.5 A g−1 for both
devices and are reported in table S2. The highest energy
densities were obtained for the Pu/PVA-D (25 mWh cm−2) which
is mainly related to the higher areal capacitance (92 mF cm−2)
found for this latter. The coulombic efficiencies for both devices
were above 90% implying the excellent charge/discharge
process at the electrode/electrolyte interfaces. In addition,
slightly higher power densities were reached for this latter
compared to the Pu-D based device, which is related to the
better electron pathway created by the Pu and PVA groups
interactions which is in accordance with the lower electrode
percolation obtained from the EIS measurements. Both devices
exhibited a good CE (>95%) revealing the good interfacial
stability between the carbon electrode and the polymer lms.

The capacitance retention rate was evaluated for both
supercapacitors aer 10 000 charging/discharging cycles at
room temperature through GCPLmeasurements at 1 A g−1 from
0 to 1.4 V, at room temperature. The GCD proles at different
cycles are illustrated in Fig. 6(a) (Pu-D) and 6(c) (Pu/PVA-D).
Fig. 6(b) and (d) illustrates the trend of the capacitance reten-
tion as well as the coulombic efficiency (CE) evolution during
measurements. Both devices showed excellent stability features
(>90%) aer 10 000 cycles with a slight superiority for Pu/PVA-D
based device. The capacitance retention for Pu-D and Pu/PVA-D
maintained 86.1% and 90.3% aer 10 000 cycles with a CE of
99.4% and 99.3% respectively. These ndings prove that
alongside the ecological aspect, the excellent stability against
the dissolution in water and the biocompatibility, Pu/PVA
composites may be considered as novel and attractive binders
toward high lifespan and long-life service carbon-based solid-
state supercapacitors.

3.3.3 Flexibility tests. The mechanical strength of the
fabricated devices was electrochemically evaluated at different
bending angles (0°, 90° and 180°) as depicted in Fig. S5. Fig. 7
illustrates all the electrochemical measurements for both
devices at the normal position and/or bended, under room
temperature conditions.

Fig. 7(a) and (d) illustrate the Nyquist diagrams for the Pu-D
and Pu/PVA-D respectively at different bending angles. As
shown, The ESRs and the low frequency characteristics differ
when both devices were folded but a clear trend with the
bending angle cannot be claimed. However, the voltammo-
grams shown in Fig. 6(b) and (e) do not show signicative
differences under bending for both devices, revealing the good
capacitive behaviour discussed in the previous sections. The
areal capacitances for both devices were calculated at 10 mV s−1

and are illustrated in Table 2. While for Pu-D, capacitance
decreases when increasing the bending angle, for Pu/PVA-D the
opposite trend is observed. At 0° angle, Pu-D demonstrated an
aerial capacitance of 122 mF cm−2 (30 F g−1), while Pu/PVA-D
This journal is © The Royal Society of Chemistry 2026
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exhibited a capacitance of 141 mF cm−2(35 F g−1). Unlike Pu-D,
Pu/PVA-D capacitance increases to 168 (42 F g−1) and then to
174 mF cm−2 (44 F g−1)at 90° and 180° respectively. The Pu-D
areal capacitance decreased to 114 mF cm−2 (29 F g−1) and 95
mF cm−2 (24 F g−1) at the same bending angles conrming the
reciprocal trend. These results are probably due to the better
interfacial contact and an enhanced exposure rate of the active
material surface to the electrolyte lm surface which is probably
a result of the generated mechanical pressure when the Pu/PVA-
D was folded.

The different trend of capacitance under folding of Pu/PVA
and PVA-based devices can be explained referring to the
different properties of the corresponding electrode binders.
PVA enhances mechanical exibility and maintains good
contact between electrode components under bending, which
can improve conductive pathways and slightly increase capaci-
tance. In contrast, pure Pu-based devices are more brittle,
a known limitation of pullulan, so bending can easily cause
micro-cracks or partial separation of components, with negative
effect on electron and ion transport and leading to a decrease in
capacitance.

Furthermore, energy and power densities, as well as the CE
were calculated from GCPL measurements at a current density
of 1 A g−1 from 0 to 1.4 V and the corresponding values are
summarized in Table 3. The Pu-D supercapacitor shows no
substantial changes in its energy performances, with only
a slight decrease in capacitance as the bending angle increases.
For instance, Pu-D demonstrated a capacitance of 55 mF cm−2

(14 F g−1) at 0°, which decreased to only 51 mF cm−2 (13 F g−1)
at 180°. Instead, according to Table 3, the capacitance for Pu/
PVA-D increases from 60 mF cm−2 (15 F g−1) (0°) to 75 mF
cm−2 (19 F g−1) (180°). Also, ESR decreases when the device was
folded. Accordingly, enhancements in terms of energy and
power densities were noticed when the Pu/PVA-D was bended. A
maximum energy density of 20 mWh cm−2 and power density of
9 mW cm−2 were recorded for the 90° and 180° angles with a CE
higher than 96%.

These ndings support the fact that Pu/PVA blending
composites may be promising as ecological binders towards the
development of solid-state supercapacitors with excellent
mechanical strength, opening great potential application in
smart textile technology and offering the chance of large-scale
production for the electronics market.

The prociency and potential applications of our fabricated
devices were evaluated through supplying a 3 V LED diode using
2-connected supercapacitors in series as shown in Fig. 8.

The electrochemical performance of the AC//PVA/GCy-KOH//
AC symmetric device developed in this work compares favour-
ably with recently reported exible and solid-state super-
capacitors (Table 4).

Although some systems, exhibit higher areal capacitances
(237.5 mF cm−2)46 (130.8 mF cm−2),47 they typically operate
within a narrower voltage window (#0.6 V) and suffer from
limited long-term stability due to the intrinsic degradation of
conducting polymers and involvement of MXene materials.

In contrast, the present device delivers a balanced areal
capacitance of 91.6 mF cm−2 while operating at an extended
This journal is © The Royal Society of Chemistry 2026
voltage window of 1.4 V, resulting in a competitive areal energy
density of 25.0 mWh cm−2 and a high-power density of 3.2 mW
cm−2. These values are comparable to or exceed those of many
reported carbon-based and hybrid systems,48–53 including
PEDOT-GO-based,50 AC//PVA-PI,53 and MXene-containing
devices, which oen trade power capability for energy density.

Other systems demonstrated excellent KPIs; however, these
performances were oen achieved through the incorporation of
metal oxides and the use of complex synthesis routes and
advanced instrumentation.54–57 Furthermore, the device retains
∼90% of its initial capacitance aer 10 000 charge–discharge
cycles, demonstrating excellent electrochemical stability that
surpasses or rivals most polymer- and metal-oxide-based
counterparts. This combination of moderate-to-high capaci-
tance, wide operating voltage, and robust cycling stability
highlights the effectiveness of the GCy-modied PVA-KOH
electrolyte and conrms the suitability of the proposed archi-
tecture for practical solid-state energy-storage applications.
4 Conclusions

Flexible electronics including wearable technologies require
light and safe power sources with high-rate performances and
long cycle life. Overall, the highlights of this work include the
following points: (i) the use of safe and ecological PVA based
lms as potential electrolytes instead of complex blends and/or
acidic mediums which are generally harmful, unsafe and limits
the devices life cycle (ii) no critical conditions were needed
during the electrode fabrication since no heavy metals, toxic
solvents or functionalized nanomaterials were involved
revealing the simplicity and the eco-friendly aspects of the
manufacturing technique.

Indeed, in this work, through a simple and low-cost hand
painting manufacturing process, we demonstrated the use of
Pu/PVA composites as a green binder, for the rst time for
supercapacitors carbon-based electrodes development. More-
over, PVA-KOH blends plasticized with GCy have been rst
employed as hydrogel lms for supercapacitors fabrication. Pu/
PVA based supercapacitor showed slightly superior energetic
performance compared to the neat Pu based one. Along with the
excellent stability and reversibility, no performances degrada-
tion was found for this latter under different bending angles
revealing the excellent mechanical properties. In summary, Pu/
PVA composites may be considered as one of the best candi-
dates for carbon-based electrodes development for super-
capacitors and batteries industries. Besides, we believe that the
fabricated devices present great potential for use in next-
generation exible and portable energy-storage devices.
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