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s of inorganic sepiolite filler and
electroactive polyaniline on the physical and
charge transport properties of polyaniline-layered
phosphonated PVA–sepiolite membranes

Fazila Ashraf, Asif Ali Qaiser, * Nida Abid and Samrina Sharif

Thermomechanically stable and cation exchange membranes are desired in high-temperature polymer

electrolyte fuel cell (PEMFC) applications. The currently used membranes, such as Nafion®, face stability

problems and dehydrate at high temperatures in fuel cells thus losing their efficiency. To develop

a thermally stable and highly cation-exchanging membrane, this study elucidates the influence of two

structural modifications: the addition of inorganic filler (i.e., sepiolite (SEP)) incorporated in

phosphonated polyvinyl alcohol (PVA) membranes and surface layering of electroactive polyaniline

(PANI) at the surface. This research specifically elucidates how these modifications affect membranes'

physical and charge transport properties. The SEP content was varied from 0.5 to 10%, whereas a thin

PANI layer was deposited using in situ vapor-phase polymerization of aniline at the surface of crosslinked

PPVA matrix membranes. These membranes were characterized using FTIR spectroscopy and dynamic

mechanical analysis (DMA) and, ion exchange capacity (IEC), water uptake, and proton conductivity were

also measured. The charge transport mechanism was evaluated using electrochemical impedance

spectroscopy (EIS). The hydrophilic nature of PANI and SEP enhanced proton conductivity up to 96

mS cm−1 at a water uptake of 81%, whereas IEC was measured up to 2.08 meq. g−1 at 5% of sepiolite

content. The storage modulus and loss tangent showed membrane stability up to 80 °C, with the

storage modulus as high as 320 MPa. In the EIS, equivalent circuit modelling was used to study various

resistive and capacitive processes at the electrode/membrane interface and through the membrane bulk.

SEP content increased bulk membrane capacitive charging owing to higher water retention in the

membranes. Surface PANI layering significantly improved the charge transport, reduced the overall

resistance, and increased the capacitance by 2–3 orders of magnitude across both electrode and bulk

phases. This work validates a strategy for developing robust PEM system for PEMFCs by precisely

adjusting physical and charge transport properties.
Introduction

The demand for fuel cell technology is increasing because of its
efficiency and lower noise compared to thermal generators,
being a non-combustion source in nature (i.e., low carbon
footprint).1–6 Fuel cells usually use hydrogen and yield water as
a by-product; therefore, they are considered an attractive and
clean technology7,8 that favours low emission of heat and
carbon dioxide.9 A fuel cell consists of a proton exchange
membrane (PEM), gas diffusion, backing, and catalyst layers on
the PEM, and an anode and a cathode.10 The fuel cells are
classied based on the type of electrolyte and the fuel, i.e.,
proton exchange membrane fuel cells (PEMFCs), direct meth-
anol fuel cells (DMFCs), solid oxide fuel cells (SOFCs), etc.11–16
neering, University of Engineering and
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Because of their low operating temperature, rapid startup
capabilities, light mass, and excellent power density, PEMFCs
are by far the most encouraging fuel cell technology.17,18

PEMFCs were originally devised to be used in compact distrib-
uted power generators, and are now commonly used in portable
cellular phones, computers, and transportation.13,19

A proton exchange membrane (PEM) is an ionic polymer
electrolyte that contains xed negative charges, allowing it to
exchange cations (i.e., protons). It acts as a charge carrier for
protons, a separator for reactant gases, and an insulator pre-
venting electrons from owing across the membrane.10 Naon®

is the most widely used PEM in PEMFCs, has an aliphatic per-
uorinated backbone and covalently bonded sulfonated cation
exchange sites showing long-term stability in both oxidative and
reducing environments,20 however, it loses performance at
temperatures above 100 °C.21,22 Because of the dehydration and
the consequent reduction in the number of water-lled
RSC Adv., 2026, 16, 12119–12131 | 12119
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Fig. 1 Schematic representation of sepiolite structure.
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channels, Naon® membranes exhibited low proton conduc-
tivity at high temperature (>100 °C).23,24

Researchers have proposed adding plasticisers, llers, and
polymeric materials to overcome this dehydration issue. Naon®

membranes incorporated with inorganic llers, such as phos-
photungstic acid, exhibited strong proton-transfer reactions and
improved capacity to retain water by lowering the vapor pressure
when the level of free water is low in the cell. Therefore, Naon®

composite membranes by incorporating additives proved to be
effective in 110–120 °C temperature range.10,24,25 Various poly-
meric materials have been tested primarily to reduce production
cost while preserving the mechanical and conductivity properties
similar to those of Naon® for low temperature (60–80 °C)
conditions.1 Hydrocarbon-based polymer blend membranes have
been widely explored as low-cost alternatives to peruorinated
ionomers. For example, Elnaggar et al. reported sulfonated poly-
vinyl chloride (SPVC)/polymethyl methacrylate (PMMA)/
polystyrene sulfonate (PSS) blend membranes demonstrating
enhanced proton conductivity (up to 4.7 × 10−2 S cm−1),
increased ion exchange capacity, and signicantly reduced
methanol permeability compared to Naon® 117. Their study
highlighted the effectiveness of polymer sulfonation and
blending strategies in improving proton transport and fuel barrier
properties. However, such bulk-modied systems primarily rely
on ionic group density and water uptake, which may limit
dimensional stability at elevated operating temperatures. These
observationsmotivated the development of alternativemembrane
architectures that combined efficient proton conduction with
improved thermal and dimensional stability.26 Tamer et al.,27

developed sulfonated chitosan/alginate composite membranes
and successfully achieved water uptake and methanol perme-
ability of 31.86% and 1.9 × 10−9 g cm−2 s−1, respectively. These
properties are comparable to Naon®-117 membranes that
usually showed water uptake and methanol permeability of
21.30% and 2.76 × 10−8 g cm−2 s−1, respectively.19,24

Polyvinyl alcohol (PVA) is a promising, cost-effective, and
biocompatible substitute to high-value materials like Naon;
however, pristine PVA is hygroscopic and lacks the necessary
ion conduction properties. These properties can be engineered
through functionalization processes such as sulfonation or
phosphonation. A notable example is sulfonated poly(glycidyl
methacrylate-co-styrene) [SP(GMA-co-ST)],28 which was success-
fully synthesized via free radical polymerization and function-
alized using sodium sulte. Although such sulfonated
copolymers are effective for ionic interaction, demonstrated by
their ability to facilitate ‘proton change’ through negatively
charged sulfonic acid groups (–SO3H), they oen rely on high
hydration levels for conductivity. In contrast, phosphonation
offers a distinct advantage for PEMFC applications, as it can
maintain ionic conductivity even at lower hydration levels with
superior thermal stability.29

Polyaniline (PANI) deposition on base membranes as a layer
enhances proton conductivity because of its unique electro-
chemical characteristics.24 The physicochemical nature and
chemical stability of PANI allow ions passage through the
composite membranes using PANI's polarization clusters.
These clusters can generate a pathway for cations similar to that
12120 | RSC Adv., 2026, 16, 12119–12131
of Naon®membranes.25 Qaiser et al. studied the effect of PANI
deposition extent on ionic conductivity of mixed cellulose ester
membranes through polaron/bipolaron transitions of PANI.24

Sun et al. fabricated composite membranes based on PANI–
polybenzimidazole (PBI) and obtained a proton conductivity of
0.13 S cm−1 at 180 °C in fully hydrated conditions.30 Escudero-
Cid et al.modied Naon®-117membrane with PANI for DMFC
and reduced the methanol crossover from 2.55 × 10−6 to 2.08 ×

10−7 cm2 s−1 with improvement in proton conductivity.31

Inorganic sepiolite (SEP) ller has unique characteristics
because of the presence of octahedral magnesium sheet and
silane groups in the structure (Fig. 1) that can retain water at
high temperature and maintain good mechanical properties of
the composite membranes. SEP has been added to various
membranes, such as sulfonated polyether ether ketone
(SPEEK)32 and sulfonated polyether sulfone octyl sulfonamide
(SPEOS)33 for improved mechanical and ion exchange
properties.32

In this work, we report a novel composite membrane system
based on polyvinyl alcohol (PVA) functionalized with phos-
phonate groups and reinforced with SEP clay as an inorganic
ller. The previous studies mainly focused on either SEP-lled
PPVA membranes34,35 or polyaniline (PANI)-modied25,31

proton exchange membranes (PEMs) independently, this study
uniquely combines both strategies by applying a uniform PANI
coating via in situ vapor-phase polymerization. The phospho-
nate functionalization of PVA matrix enhances proton conduc-
tion and crosslinking density, which, together with the
incorporation of SEP, signicantly improves the membrane's
thermal and dimensional stability36,37 under hydrated, high-
temperature fuel cell operating conditions. The superior water
retention and mechanical benets of sepiolite llers in
membranes have been reported earlier but the synergistic
effects of simultaneous inorganic ller (SEP) incorporation and
electroactive polymer (PANI) surface modication remained
largely unexplored. Here, we systematically investigated how
this dual modication through phosphonate-functionalized
SEP/PVA composite formation, combined with surface PANI
layering, affects the physicochemical, structural, and electro-
chemical properties of the membranes. These ndings provide
new insights into the design of robust, high-performance PVA-
based PEMs for proton exchange membrane fuel cells
(PEMFCs) applications.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Experimental
Material

Phosphonated polyvinyl alcohol (PPVA) membranes containing
0.5%, 2%, 5% and 10% of sepiolite (SEP) were kindly provided
by Prof. A. R. Irfan's group at Gazi University, Türkiye. These
membranes were prepared as mentioned elsewhere.38 To
modify SEP–PPVA membranes with polyaniline and subsequent
characterizations, aniline, ammonium persulfate (APS), sodium
hydroxide (NaOH), and phenolphthalein were acquired from
Merck USA. Distilled water was used in all preparations.
Vapor phase deposition of polyaniline (PANI) on PPVA–
sepiolite membranes

For vapor-phase deposition of PANI on the surface of SEP–PPVA,
the base membranes were soaked in 0.8 M anilinium solution
(i.e., aniline in 0.4 M HCl) for 10 min, surface-wiped with blot-
ting paper, and then hung in a closed bottle containing APS
solution (0.3 M of ammonium persulfate in 3 M HCl). The APS
solution was heated to 55–60 °C, and the membranes were kept
inside the bottle for 10–15 min for in situ polymerization of
aniline present on the surface of the base membranes, reacting
with APS vapours (Fig. 2). This reaction yielded a uniform
coating of dark green colour covering the surface conrming
PANI coating on PPVA–sepiolite membranes in its emeraldine
salt state.24

The membranes are identied as xSEP–PPVA/PANI, where x
denotes the percentage of sepiolite in the membranes.
Membrane characterization
Scanning electron microscopy (SEM)

For morphological analysis of SEP–PPVA and SEP–PPVA/PANI
composite membranes, ZEISS SIGMA 500VP scanning electron
microscope was used at 5000× magnication at 2 kV.
Fourier transform infrared spectroscopy (FTIR)

JASCO FTIR 4100 in ATR mode was used for surface chemical
characterization of the membranes in the wave number range
400–4000 cm−1 and at a scan rate of 4 cm−1 s−1.
Fig. 2 In situ vapor-phase deposition of PANI on SEP–PPVA
membranes.

© 2026 The Author(s). Published by the Royal Society of Chemistry
Dynamic mechanical analysis (DMA)

TA Q800 DMA was used to assess the thermomechanical
stability of the membranes in tensile mode using temperature
step of 2 °C min−1. Membrane samples were cut according to
ASTM D4065 in a rectangular shape of 50 × 6 mm size, and
a frequency of 1 Hz was imposed to measure storage modulus
and loss tangent, i.e., E0 and tan d, respectively, at various
temperatures.

Water uptake

Water uptake of SEP–PPVA and SEP–PPVA/PANI membranes
was measured by immersing membranes in deionized water,
equilibrated to a constant wet weight (Wwet). The membranes
were dried in an oven at 60 °C for 4 h 39 and weighed again
(Wdry).40,41 Water uptake was calculated by using the following
eqn (1):

% water uptake ¼ Wwet �Wdry

Wdry

� 100 (1)

Ion exchange capacity (IEC)

Ion exchange capacity (IEC) of SEP–PPVA and SEP–PPVA/PANI
membranes was evaluated using indirect titration method.40,41

Membranes were cut into 1 cm2 strips and immersed in 1MHCl
for 24 h at room temperature to attract H+ ions on the surface.
Excess H+ ions were removed by soaking in deionized water, and
the membranes were placed in desiccators until dried to
a constant weight (Wdry). These dried membranes were
submerged in a 2 M NaCl solution for 24 hours to exchange H+

with Na+ ions. Phenolphthalein was used as an indicator to
titrate the mixture containing Na+ ions with 0.01 M NaOH. The
IEC was computed using eqn (2).39

IEC ¼ CNaOH � VNaOH

Wdry

(2)

where, CNaOH = concentration of NaOH, VNaOH = volume of
NaOH solution used, Wdry = weight of dry membranes.

Proton conductivity and electrochemical impedance
spectroscopy (ElS) study

Proton conductivity was computed using Gamry® (Interface
1000) Potentiostat by interposing water-soaked membranes
between two gold-plated discs in a two-electrode set-up (Fig. 3).
A 100 mV AC was applied in the frequency range 1 MHz to
0.01 Hz as an input signal. The ionic conductivity was calculated
by noting the resistance from the Nyquist plot and using the
following equation:42,43

Proton conductivity ¼ L

RA
(3)

where, L= wet membrane thickness, R=membrane resistance,
A = surface area of electrodes.

To study the charge transport and charge transfer charac-
teristics of SEP-PPVA and SEP-PPVA/PANI composite
membranes using EIS, equivalent circuit modelling was applied
RSC Adv., 2026, 16, 12119–12131 | 12121
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Fig. 3 Schematic of EIS setup for the measurement of proton
conductivity.
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to the data. Nyquist plots were used for modelling and inter-
preting various electrochemical processes within the
membranes.
Results and discussion
Scanning electron microscopy (SEM)

Fig. 4a and b show SEM surface micrographs of unmodied
sepiolite-lled phosphonated PVA (SEP–PPVA) membranes
containing 0.5 and 10 wt% sepiolite, respectively. At low ller
Fig. 4 SEM Micrographs of SEP-PPVA composite membranes (a) 0.5%
SEP-PPVA (b) 10% SEP-PPVA.

12122 | RSC Adv., 2026, 16, 12119–12131
loading (0.5 wt%), the membrane surface appeared relatively
smooth and homogeneous, indicating effective dispersion of
sepiolite within the phosphonated PVA matrix and good poly-
mer ller compatibility (Fig. 4a). Such uniform morphology is
desirable for proton exchange membranes, as it minimizes
localized defects and promotes continuous ion-transport path-
ways. In contrast, increasing the SEP content to 10 wt% (Fig. 4b)
resulted in a rougher surface with visible agglomerates and
surface-enriched ller domains, suggesting partial ller
migration and increased ller–ller interactions at higher
loadings. Although, this surface heterogeneity might compro-
mise morphological uniformity, the exposure of hydrophilic
SEP domains was expected to enhance water retention and
dimensional stability under hydrated PEMFC operating
conditions.

SEM images of PANI-modied membranes (Fig. 5a and b)
revealed a clear morphological evolution following in situ vapor-
phase polymerization of aniline on SEP–PPVA substrates. For
membranes containing 2 wt% SEP, PANI deposition resulted in
a comparatively uniform and continuous surface layer
compared to the uncoated membrane, indicating that vapor-
phase polymerization enabled conformal surface modication
without disrupting the underlying composite structure. The
coating morphology is characterized by interconnected gran-
ular features of polyaniline in its emeraldine salt form,44 sug-
gesting effective surface-conned polymer growth initiated by
aniline absorbed within the membrane surface. At higher
magnication (Fig. 5b), localized microcracks were shown
within PANI layer, which might arise from the intrinsic rigidity
of doped PANI combined with drying-induced stresses and
elastic mismatch between the coating and the exible SEP–
PPVA substrate. The PANI layer remained largely continuous
and adhered to the surface of the base membrane. Partial
removal of the coating (Fig. 5a) suggested a PANI layer
approximately 400–500 nm, consistent with a thin electroactive
surface layer rather than bulk incorporation. The SEM
morphology conrmed the formation of a hierarchically struc-
tured membrane architecture in which the bulk SEP–PPVA
matrix governed water management and dimensional stability,
whereas the surface PANI layer modied interfacial charge-
transport characteristics. These distinct morphological
features suggest that SEP primarily governs bulk structural
integrity, whereas the PANI layer contributes mainly to surface
continuity, indicating distinct but potentially cooperative roles
for PEMFC applications.
Fourier transform infrared spectroscopy (FTIR)

FTIR spectra of SEP–PPVA and SEP–PPVA/PANI membranes
showed phosphonation of PVA, presence of aminopropyl tri-
ethoxy silane (APTES) modied SEP, and PANI layering on the
membranes. In FTIR spectra of SEP–PPVA composite
membranes, the major peaks for phosphonation of PVA
appeared at 915 cm−1 and 1005 cm−1, indicating vibrational
stretching of P–OH bond (Fig. 6a)45 whereas the characteristic
peaks of SEP at 950–1250 cm−1 indicated vibration of Si–O–Si
linkage. Characteristic vibrations of the octahedral–tetrahedral
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 FTIR spectra of composite membranes (a) SEP–PPVA (b) SEP–
PPVA/PANI.

Fig. 5 SEM micrographs of SEP–PPVA/PANI membranes with 2% SEP
content at different scales (a) 1 mm (b) 200 nm.
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linkage of Si–O–Mg and Mg–Mg–OH in SEP were shown at
450 cm−1 and 650 cm−1, respectively, whereas the bending peak
at 1663 cm−1 indicated the presence of OH group of zeolitic
water. Organic molecules interacting with brous silicates are
oen identied at 1200–2000 cm−1. Typical amine bands at
1600 cm−1 conrmed the graing of aminopropyl triethoxy
silane (APTES) on brous SEP particles.46,47 The absorption
band at 2950 cm−1 was associated with C–H stretching vibration
of coupling agent aminopropyl triethoxy silane groups. All these
observations support the graing of APTES onto the SEP
surface.48,49 The strong IR bending vibration at 495 cm−1 indi-
cated the presence of O–Si–O in SEP and its interaction with –

PO4
3− in PPVA matrix.32

The polaronic structure i.e., p-electron delocalization of
PANI was shown at 1306 cm−1 whereas the IR absorption peaks
at 1235 cm−1 and 1152 cm−1 represented –C–N+ and –NH+]

stretching, respectively. The quinonoid and benzenoid stretch-
ing were observed at 1568 and 1425 cm−1, respectively, which
are the prominent peaks to identify emeraldine oxidation state
of PANI layer at the surface of the membranes.50 The quinonoid
peak indicated emeraldine salt (ES) state of PANI, and the
polaron band conjugation at 1133 cm−1 showed the ability of
PANI to create a passage for the conduction of ions through the
membrane.50 The IR peak of –CH2 groups in PPVA appeared at
2912 cm−1, and a peak shi from 1148 to 1090 cm−1 showed
© 2026 The Author(s). Published by the Royal Society of Chemistry
ionic interaction of the –NH2 group of PANI with the phos-
phonic group of PPVA.51

PANI deposition on the surface and its hydrogen bonding52

with phosphoric acid groups of PPVA can be clearly seen in the
range of 1132–1586 cm−1 (Fig. 6b) and these interactions
promote ionic conduction through the membranes as proposed
in Fig. 7. Hydrogen bonding between H atoms of PANI and OH
of PPVA provides the adherence stability of PANI layer at the
surface of the base membranes,53 and strong bonding of –PO4

3−

and PANI also plays a role in the stable layering of PANI at the
surface.
Dynamic mechanical analysis (DMA)

Dynamic mechanical analysis is used to study the mechanical
stability of the composite membranes with respect to thermal
RSC Adv., 2026, 16, 12119–12131 | 12123
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Fig. 7 Proposed possible interaction of PPVA and PANI.

Fig. 8 DMA graphs of SEP–PPVA composite membranes: (a) storage
modulus vs. temperature, (b) tan d vs. temperature.

Fig. 9 DMA of SEP–PPVA/PANI composite membranes: (a) storage
modulus vs. temperature, (b) tan d vs. temperature.
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history. Fig. 8 and 9 show storage modulus and loss tangent
(tan d) to assess mechanical stability and glass transition of the
composite membranes. In Fig. 8a and b, effect of SEP content in
PPVA matrix is shown in terms of storage modulus and tan d,
where storage modulus increased signicantly and tan d also
12124 | RSC Adv., 2026, 16, 12119–12131
increased in the temperature range 50 to 63 °C as SEP content
increased from 0.5 to 10%. This increase may be attributed to
the physical crosslinking of PPVA with SEP, which imparted
mechanical stability at temperatures above 60 °C. Above this
temperature, the storage modulus decreased abruptly due to an
intrinsic thermal soening of PPVA matrix. This indicates the
temperature-dependent mechanical stability of polymer
framework, resulting in diminished mechanical strength as the
thermal energy increases. In the case of 2% and 5% SEP
content, an overlapping behaviour in tan d was observed that
showed an insignicant effect of ller loading in this range. The
change in tan d with temperature shows the state of molecular
chain mobility, and thus a peak in tan d shows the glass tran-
sition temperature (Tg).53,54

Fig. 8b shows Tg around 50 °C for 0.5% sepiolite content in
PPVA membrane that shied to 63 °C for 10% sepiolite content.
This demonstrates a pronounced effect of SEP content on the
viscoelastic properties of the composite membranes. The strong
inuence is also evident in the storage modulus, which indi-
cates the effect of increasing SEP content (0.5–10%). The rein-
forcing effect of SEP made it stable only up to 50–60 °C, and
then dropped rapidly. The storage modulus appeared constant
at 350–200 MPa for 0.5–5% SEP content at 65–80 °C, and 10%
© 2026 The Author(s). Published by the Royal Society of Chemistry
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SEP showed gradual decrease aer 65 °C (Fig. 8a). The decrease
in storage modulus might occur due to the agglomeration of
SEP in PPVA.32 Increase in storage modulus at lower tempera-
ture might be due to strong interfacial interaction between SEP
particles and PPVA molecular chains (i.e., hydrogen bonding
between –PO4

3− and SEP).32 The drop in storage modulus with
temperature also depends on SEP content because, as a clay, it
settles between the molecular chains and weakens interchain
molecular bonding.32,55

In literature, the storage modulus of pristine PVA was re-
ported around 136 MPa (ref. 55) and hygroscopicity and
mechanical stability of SEP suppressed the viscous effect of PVA
showing temperature stability up to 63 °C.

Surface deposition of PANI also inuenced the mechanical
properties of composite membranes. The tan d dropped from
0.6 (SEP–PPVA) to 0.372 (SEP–PPVA/PANI) probably due to
oxidative conditions during in situ PANI layering that might
result in molecular chain cleavage of PPVA. Because of the
brittle nature of PANI, the storage modulus increased, but
a signicant shi was observed in tan d as shown in Fig. 9a and
b. At 10% SEP–PPVA, the storage modulus was 1600 MPa indi-
cating mechanical stability because of SEP, whereas it
decreased to 1400 MPa in the case of PANI layering, probably
due to free radical cleavage of PPVA chains in the presence of
strong acidic conditions of aniline polymerization. The storage
modulus increased from 0.5% to 5% SEP content due to the
synergistic effect of SEP ller and the high modulus of brittle of
the PANI layer, as indicated in SEM images as well. These
results showed that the 10% SEP may be the optimum content
for the best mechanical properties in terms of storage modulus
and tan d.15 The irregularity in the results of SEP–PPVA/PANI
membranes may be attributed to uneven PANI coating (Fig. 9)
and a typical hetero-phase behaviour of composite membranes.
In summary, the brittle PANI layer might bring surface insta-
bility and probably cracked under thermal and mechanical
stresses. The decay in mechanical properties25 can be attributed
to the hetero-phase effect of SEP–PPVA and PANI layer.25
Water uptake

Water uptake plays a crucial role in PEM for promoting proton
conductivity, as hydronium ions (H3O

+) and hydrogen pass
through themembrane by connecting with water molecules and
diffuse to the cathode side in the fuel cell.56 Excessive dehy-
dration of the membrane in a fuel cell leads to brittleness and
excessive hydration can cause swelling, ultimately affect the
membrane electrode assembly (MEA) and leading to ooding
within the fuel cell.19 Pristine PVA demonstrated 210% water
uptake whereas PPVA with 30% phosphonation showed
a signicant reduction to 75%.29 Incorporation of SEP to PPVA
membranes enhanced hygroscopicity, as these membranes can
retain water at elevated temperatures.57 The hydrophilic brous
structure of SEP provides abundant water anchoring sites, as
evident in the increased water uptake observed for SEP–PPVA
membranes. For example, 2 wt% SEP–PPVA membrane exhibi-
ted 87.5% water uptake notably higher than that of pristine
PPVA.29 The water uptake increased with incorporation of SEP
© 2026 The Author(s). Published by the Royal Society of Chemistry
up to 5 wt% and then declined slightly at 10 wt% to 79.5%. This
decrease can be attributed to the immobilization of –PO4

3− sites
that might have occurred due to crosslinking of PPVA with
SEP29,58 as well as due to the agglomeration of SEP particles that
reduced the availability of hydrophilic sites.59 Surface modi-
cation with PANI further increased water uptake of SEP–PPVA
membranes. This 90% water uptake in SEP/PPVA–PANI
membranes is associated with the hydrophilic nature of PANI's
emeraldine salt state and open brillar like structure.60 The
water molecules association originates from the strong
hydrogen bonding between quinoid sites (–N+]) of PANI and
phosphonate (–PO4

3−) groups in PPVA that resulted in hydro-
philic membranes with improved proton conductivity and water
uptake.60 Essentially, this brillar nature of PANI can provide
the stable network that can compensate the physical rigidity of
membranes by maintaining the hydration at 10 wt% of SEP
loading.61 Table 1 summarizes the water uptake, ion exchange
capacity (IEC), and proton conductivity values for the various
membranes studied. Notably, SEP–PPVA/PANI membranes
demonstrated consistently higher water uptake compared to
SEP–PPVA composite membranes at corresponding SEP load-
ings, underscoring the cooperative role of PANI and SEP in
promoting membrane hydration.

These results indicate that SEP contributes primarily to bulk
water retention and mechanical stabilization, the PANI layer
plays a crucial role in surface hydration and ionic conduction
pathways, consistent with the proposed proton conduction
mechanism illustrated in (Fig. 10). This complementary inter-
action likely leads to enhancements in overall membrane
hydration and conductivity beyond the additive effects of indi-
vidual components.
Ion exchange capacity (IEC)

Ion exchange capacity is a key indicator of ionizable protons
(H+) or active sites available in the membrane matrix, directly
inuencing the proton transport efficiency in PEMs. Table 1
summarizes the IEC values of SEP–PPVA and SEP–PPVA/PANI
composite membranes as a function of SEP loading. It has
been previously reported that the inclusion of PVA in Naon
membrane can reduce the IEC value of pristine Naon from
0.93 meq. g−1 to 0.58 meq. g−1 due to crosslinking that masks
the ionizable sulfonic groups through covalent binding, thereby
decreases the available proton sites.62,63 Pristine PPVA
membranes exhibited an IEC value up to 2.1 meq. g−1, attrib-
uted to the abundance of phosphonate groups.29 In the case of
SEP loading, IEC values showed a nonlinear relationship
between SEP loading and PPVA. IEC values decreased to 0.91
meq. g−1, indicating the reduction of free-ion exchange sites
through the crosslinking.59 Increasing the SEP content to 5 wt%,
led to increase in IEC value to 1.27 meq. g−1. This specic
enhancement might stem from the optimized dispersion of the
ller in matrix that created additional ion exchange sites or
percolation pathways for increased ionic mobility. However, the
IEC value decreased to 0.96 meq. g−1 at 10 wt% of SEP, probably
due to agglomeration and excessive cross-linking sites. Despite
RSC Adv., 2026, 16, 12119–12131 | 12125
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Table 1 Water uptake, IEC and proton conductivity of SEP–PPVA and SEP–PPVA/PANI composite membranes

Composite membranes Water uptake (%) IEC (meq. g−1)
Proton conductivity
(mS cm−1) (water-soaked)

Proton conductivity
(mS cm−1) dry membrane

0.5% SEP–PPVA 67.5 0.91 25.0 5.8
2% SEP–PPVA 87.5 1.12 30.0 4.9
5% SEP–PPVA 81.8 1.27 75.0 6.1
10% SEP–PPVA 79.5 0.96 17.0 3.2
0.5% SEP–PPVA/PANI 64.5 0.92 50.4 7.0
2% SEP–PPVA/PANI 73.6 1.18 62.3 7.4
5% SEP–PPVA/PANI 80.7 2.08 96.3 6.5
10% SEP–PPVA/PANI 89.6 1.20 45.2 1.6
SPEEK/SEP32 12.3 1.51 199 —
SPEEK/PANI60 45.1 1.44 — —
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this decrease, IEC values are in the range required for
PEMFCs.39,49

Surface modication with PANI membranes yielded
a substantial increase in IEC values. Specically, at 0.5 wt% SEP
loading, the IEC increased from 0.91 meq. g−1 to a maximum of
2.08 meq. g−1 at 5 wt% SEP. This increase was largely driven by
the intrinsic hydrophilic nature of the emeraldine state of PANI,
and due to the robust hydrogen bonding and electrostatic
interactions of quinoid nitrogen sites of PANI and phosphonate
groups of PPVA.57 Collectively, these interactions facilitated in
providing the additional protonatable sites and increased ion
transport. At higher SEP loading (10 wt%), a reduction in IEC to
1.20 meq. g−1 was observed for SEP–PPVA/PANI membranes.
This decline was likely a consequence of ller agglomeration
and an increase in crosslink density. These factors can reduce
the accessibility of ion exchange sites. This trend emphasizes
maintaining a critical balance between ller content and
membrane microstructure that can provide the optimal
threshold that may favour the continuous pathways necessary
for efficient ion transport.

Furthermore, SEP acts as a reservoir for structural water,
maintains the hydration for proton hopping, whereas PANI
contributes to the essential active sites for charge transport.
These interactions indicate a signicant improvement over
unmodied SEP–PPVA membrane systems.

Overall, SEP incorporation governs the structural and
crosslinking environment in the membrane matrix, whereas
PANI improves IEC values by facilitating a more efficient
conduction network allowing the SEP–PPVA/PANI membranes
to show superior characteristics as compared to the unmodied
SEP–PPVA membrane system.
Fig. 10 Proposed proton conduction mechanism in PANI.
Proton conductivity

The proton conductivity serves as a vital performance indicator
for PEMs as it denes the efficiency of PEMFCs. Proton
conductivity values for SEP–PPVA and SEP–PPVA/PANI
membranes were measured under both dry and water-soaked
conditions, as given in Table 1.

Previous studies have reported proton conductivity of pris-
tine PPVA 20–30 mS cm−1 at a phosphonation degree of 30%.29

The addition of SEP, being inorganic brous clay, inuenced
12126 | RSC Adv., 2026, 16, 12119–12131
the proton conductivity in a complex manner. For 5 wt% SEP
loading, the highest proton conductivity values i.e., 6.1 mS cm−1

and 75 mS cm−1 were achieved in dry and soaked conditions,
respectively. This increase can be attributed to the unique
brous structure of SEP clay, which can create water tunnels to
support the vehicular transport mechanism of hydronium ions
(H3O

+) and hydrogen (H+) ions through the membranes.59

Hygroscopic SEP supported the proton conductivity of 75
mS cm−1 at 5% sepiolite content in soaked conditions, indi-
cating absorption of water by sepiolite that created water
tunnels for protons and promoted the vehicular mechanism for
high proton conductivity.33

Phosphonated sites (–PO4
3−) have a unique amphoteric

character, capable of accepting or donating the protons, thus
supporting the proton hopping from a hydrodynamic bond to
facilitate proton conduction even at low hydration and/or at
elevated temperatures.45 The proton conductivity in SEP–PPVA
membranes in dry condition increased up to 5% SEP loading
but dropped beyond this loading due to agglomeration and
increased crosslinking density between PPVA and SEP. These
factors can restrict ionic pathways and hinder proton mobility.

Surface modication with PANI further enhanced proton
conductivity in SEP–PPVA/PANI composite membranes in both
dry and hydrated states. The intrinsic polaron and bipolaron
© 2026 The Author(s). Published by the Royal Society of Chemistry
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network of PANI, alongside the imine sites, allows simultaneous
proton and electron transport through an electrochemical redox
process. This cooperative process (Fig. 10) enhances charge
carrier density and improves ionic ux through the composite
structure. Additionally, the brillar morphology and hydro-
philic nature of emeraldine PANI state create continuous
proton-conducting channels, improving water retention and
proton hopping efficiency.

The synergistic interaction between SEP and PANI was
shown by proton conductivity of 93.3 mS cm−1 that was
observed at 5 wt% SEP in the hydrated state. This synergistic
effect arises from the combined contributions of SEP's water-
retention tunnels and channel-forming properties, the
dynamic proton exchange facilitated by PPVA's phosphonate
groups, and the proton–electron transport capability of PANI
amine moieties. However, increasing the SEP content beyond
5 wt% produced SEP particle agglomeration, as also shown by
SEM micrographs (Fig. 4b) that disrupted proton-conducting
pathways by blocking water channels and reduced effective
surface area, leading to decreased conductivity.
Fig. 11 Parallel circuit model of resistor and capacitor.

Fig. 12 Proposed interaction of SEP and PPVA.
Electrochemical impedance spectroscopy (EIS) of composite
membranes

The electrochemical properties of SEP–PPVA and SEP–PPVA/
PANI membranes were evaluated using EIS to evaluate and
quantify charge transport and charge transfer processes in SEP–
PPVA and SEP–PPVA/PANI composite membranes. Fitting
experimental data to an appropriate equivalent circuit eluci-
dates underlying electrochemical processes within the
membrane systems. Impedance spectroscopy results are usually
represented in Nyquist plot where real component (Zr) at x-axis
denotes the resistance whereas the imaginary component (Zi) at
y-axis represents capacitive properties of an electrochemical
system.

In electrochemical systems, such resistive–capacitive type
processes are modelled using equivalent circuits (ECs). In
equivalent circuits, different physical processes are described
using simple electrical elements such as resistors (R), capacitors
(C), inductors (L), and constant-phase elements (Q). A dynamic–
kinetic process may be modelled by utilising various equivalent
circuit elements for composite membranes, as shown in Fig. 13
and 14. The uncompensated resistance (R0) represents bulk
resistance of the electrolyte and electrode. R1 corresponds to the
charge transfer resistance at the electrode and electrolyte
interface associated with the redox reactions of polyaniline
(PANI). R2 is related to ionic diffusion and charge transport
within the PANI lm. The constant phase elements Q1 and Q2

describe non-ideal capacitive behaviour arising from surface
roughness, structural heterogeneity, and distributed relaxation
processes, where Q1 reects interfacial capacitance and Q2

represents the pseudocapacitive response of the PANI matrix. In
case of composite membranes, capacitor is replaced by constant
phase elements (Q) to represent surface roughness of the
membranes. SEP–PPVA membranes at different SEP content
showed a typical electrochemical behaviour with varying
impedance levels. The impedance scale of real (Zr) and
© 2026 The Author(s). Published by the Royal Society of Chemistry
imaginary components (Zi) exhibited an increasing–decreasing
trend by changing sepiolite content corresponding to water
uptake and IEC values, whereas impedance decreased by PANI
layering (Fig. 14). This showed a noteworthy contribution of SEP
in charge conduction in these membranes with the combined
effects of PANI on the surface. This charge conduction involves
both resistive (Zr) and charge-storing capacitive conduction (Zi)
in composite membranes.

In the Nyquist plots of various PPVA composite membranes,
the curve identies a characteristic frequency (u*), that is
associated with the charge transfer process and given by s = 1/
u*. Each semicircle is characterized by a relaxation time s that
can be dened as the time required for the charge transport in
a parallel R–C (resistor–capacitor) element i.e., RC (Fig. 11).

The impedance of this RC circuit, shown in Fig. 11, is given
by,

Z ¼ R

1þ u2C2R2
� juCR2

1þ u2C2R2
(4)

where R, C, u and j represent resistance, capacitance, angular

frequency (u = 2pf, f = linear frequency), and
ffiffiffiffiffiffi�1p

,
respectively.

The combined resistive and capacitive behaviour of
membranes is depicted as distorted semicircles in Fig. 13 and
14. At high frequency, the suppressed semicircle may be
attributed to distributed resistance offered by membranes due
to irregular and inhomogeneous dispersion of ller or incom-
plete PANI coating, which is modelled by a constant phase
element (Q). A cation exchange membrane conducts cations
through it, whereas electrons are transferred at the membrane/
RSC Adv., 2026, 16, 12119–12131 | 12127
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Fig. 13 Equivalent circuit modeling of SEP-PPVA composite
membranes (a) 0.5% SEP-PPVA (b) 2% SEP-PPVA (c) 5% SEP-PPVA and
10% SEP-PPVA.

Fig. 14 EIS circuit model and fitting of SEP–PPVA/PANI.
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electrode interface through a capacitive double layer. A combi-
nation of R–C elements is represented by a semicircle, whereas
a non-ideal capacitance originates a depressed semicircle rep-
resented by a constant-phase element (CPE), as follows:
12128 | RSC Adv., 2026, 16, 12119–12131
Zc ¼ 1

Y0ðjuÞa (5)

where a represents distribution index; n < 1 for CPE and n = 1
for pure capacitor. The CPE behaviour arises due to electrode or
membrane surface irregularities, porosity, reactivity, and
current and potential distribution associated with electrolyte
and the electrode.64

In low frequency domain, another semicircle is shown in all
membranes (Fig. 13 and 14) that can be modelled using another
R–Q combination with a larger characteristic time. This may
indicate the diffusion of ions through polymer matrix and SEP
in the composite membranes (Fig. 12). The charge transfer in
the bulk of the membrane is a slower process and highly
dependent on SEP concentration in the membrane. This charge
transport can be associated with the silanol group (Si–OH) of
SEP that has the capability of cation exchange due to its
modication and bonding with PPVA.

At 0.5 wt% SEP loading in the PPVAmatrix, the resistance (on
the Zr scale) and capacitance (on the Zi scale) are small, indi-
cating a negligible effect of SEP at this loading. As the SEP
content increased (i.e., 5 wt% and 10 wt%), both resistance and
capacitance increased (Fig. 13c). The real component of
impedance (Zr) peaks at 5 wt% SEP, compared with 10 wt%,
suggested that a threshold SEP loading was required to enhance
charge transfer through the ller, likely due to water retention
and other concentration-dependent factors. When modeling
the charge transfer processes of these SEP–PPVA membranes
using an R0(RQ)(RQ) equivalent circuit, the parameter values
also reected the effects of SEP loading (Table 2). The uncom-
pensated electronic resistance (R0) showed an inconsistent
trend, associated with an inhomogeneous surface and incom-
plete contact with the electrodes. Y1 and R1 in the rst R–Q
combination exhibited high-frequency admittance and resis-
tance, respectively, which can be associated with the rapid
charge transport mechanism occurring at the membrane/
electrode interface. Double-layer capacitive charging at the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 EIS modelling data of SEP–PPVA and SEP–PPVA/PANI membranes fitted with [R(QR)(QR)] type model

Membrane identity

Model parameters

R0 Q1(Y1) Q1(n1) R1 Q2(Y2) Q2(n2) R2 Chi sq.

0.5% SEP–PPVA 0.05154 0.1972 0.9891 0.07822 1.027 0.996 4.341 8.11 × 10−6

5% SEP–PPVA 196.8 0.000475 0.7101 580.3 0.000154 0.4384 2509 3.64 × 10−4

10% SEP–PPVA 7.803 0.000448 0.4696 135.7 8.03 × 10−5 0.6187 4047 4.18 × 10−3

0.5% SEP–PPVA/PANI 1.336 6.31 × 10−5 0.8284 8.787 0.002547 0.4558 105.6 8.51 × 10−3

2% SEP–PPVA/PANI 12.9 0.002933 0.9623 228.1 0.002381 0.5505 258 6.14 × 10−3

5% SEP–PPVA/PANI 1.643 0.000922 0.6789 2.94 0.000252 0.8869 75.69 9.17 × 10−3

10% SEP–PPVA/PANI 2.342 0.000107 0.8269 12.27 0.000497 0.6933 149.2 1.10 × 10−2

Fig. 15 Proton conduction mechanism, (a) lower SEP concentration
(b) higher concentration.
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interface showed low admittance (Y1), with a distributed coef-
cient (n1) indicating an inhomogeneous membrane surface as
the SEP content increased (Table 2), which is in line with the
previous results. The admittance at low frequencies (Y2) spec-
ies charge transfer within the bulk membrane, where higher
R2 values resulted from ionic conduction through heteroge-
neous membranes. Y2 decreased signicantly as R2 increased,
indicating a low pseudocapacitance value with increasing SEP
content. Strong interfacial interactions, such as hydrogen
bonding between –PO4

3− groups and SEP, are responsible for
this behavior. The inorganic clay SEP reduces swelling of PPVA
membranes, offering increased resistance to proton passage.
The proposed mechanism of proton conduction with high and
low SEP content in the composite membranes is illustrated in
Fig. 15.

Depositing PANI at the surface of SEP–PPVA membranes
decreased impedance values, as shown in Fig. 14. The
R0(R1Q1)(R2Q2) type equivalent circuit tting results are given in
Table 2 indicating a strong inuence of PANI deposition on
both resistive and capacitive charge transference in the
membranes. PANI-coated membranes showed admittance
values approximately two orders of magnitude higher than
uncoated membranes at low frequencies, showing a dominant
charge transfer mechanism facilitated by polaron/bipolaron
transitions within PANI. This transition enhanced proton
conduction by providing delocalized electronic states that
© 2026 The Author(s). Published by the Royal Society of Chemistry
provided smooth charge carrier hopping, alongside the proton-
conducting pathways maintained by hydrated SEP and PPVA
phosphonate groups.

The EIS results showed that SEP–PANI composite
membranes demonstrate synergistic enhancement in charge
transfer and proton conduction by the incorporation of SEP and
layering of PANI on PPVA membrane. SEP contributed by
retaining water and creating proton transport channels via
silanol groups, whereas PANI improved surface conductivity
and electrochemical double-layer behavior through its unique
redox-active polymer structure. This synergy resulted in
membranes with lower charge transfer resistance, higher
capacitive response, and improved suitability for proton
exchange membrane fuel cell applications.
Conclusion

This study presents the development of novel SEP–PPVA/PANI
composite membranes tailored for proton exchange
membrane fuel cell (PEMFC) applications by combining the
unique benets of hygroscopic sepiolite ller and electroactive
polyaniline (PANI) surface layering. The incorporation of SEP
into PPVA matrix enhanced water retention and mechanical
stability through physical crosslinking and strong interfacial
hydrogen bonding, which shied the glass transition temper-
ature (Tg) to a higher temperature and increased storage
modulus in dynamic mechanical testing for temperature up to
63 °C. PANI coating further improved proton conductivity by
introducing hydrophilic channels and facilitating polaron/
bipolaron charge transfer at membrane surface, reducing
overall impedance and enhancing electrochemical perfor-
mance. PPVA–SEP/PANI composite membranes exhibited
a maximum proton conductivity of 96 mS cm−1 at 5% sepiolite
loading under water-soaked conditions, with an ion exchange
capacity (IEC) of 2.08 meq. g−1 and water uptake 81%, reecting
an optimized balance between hydration and dimensional
stability that is critical for efficient PEMFC operation at elevated
temperatures. Dynamic mechanical analysis (DMA) showed
storage modulus values up to 1600 MPa at 60 °C, indicating
thermomechanical stability within typical PEMFC operating
ranges, although a decline in the storage (i.e., elastic) modulus
beyond this temperature highlighted the need for further opti-
mization for high-temperature durability.
RSC Adv., 2026, 16, 12119–12131 | 12129
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Electrochemical impedance spectroscopy (EIS) analysis
conrmed a synergistic effect between sepiolite and PANI,
where surface PANI layering decreased membrane resistance
and shied the proton conduction mechanism to the charge
transport via polaron/bipolaron hopping. This interplay
contributes to the composite membranes' improved proton
transport pathways and mechanical integrity, positioning them
as promising candidates for PEMFC applications requiring
stable performance under variable hydration and temperature
conditions.

This study shows that the strategic combination of sepiolite
as a functional inorganic ller and PANI as an electroactive
surface modier provides a valuable approach for designing
high-performance PEMs with tailored water management,
mechanical stability, and proton conductivity for next-
generation fuel cells. The optimization of PVA phosphonation,
SEP content and PANI layering may improve the thermo-
mechanical stability and electrochemical performance, coupled
with the long-term thermochemical stability (e.g., Fenton's test)
may ensure the suitability of these novel membrane systems for
PEMFC applications.
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