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This study presents a new semi-interpenetrating polymer network (semi-IPN) membrane, combining
polyvinyl alcohol (PVA) (CA)
polyvinylpyrrolidone (PVP) via solvent casting. To achieve a suitable balance between ionic conductivity,

cross-linked with citric acid and physically entangled with of
mechanical stability, and long-term chemical resistance, a series of PVA-CA:PVPX membranes were
synthesized and subsequently subjected to thermal curing and KOH doping. Optimized PVP content
stabilizes the semi-IPN structure by reinforcing H-bonding with PVA, resulting in a well-entangled
polymer matrix. However, excessive PVP disrupts polymer chain interactions, leading to excessive
microphase separation, extreme swelling, and diminished mechanical integrity. Thermal curing further
strengthens crosslinking, enhancing mechanical properties (1270 MPa tensile modulus, 413% elongation)
while controlling water uptake (193.96%). Additionally, KOH doping introduces carboxylate groups,
increasing OH~ mobility (6.56 mS cm™) and improving electrochemical performance. The optimized
membrane demonstrates high oxidative stability, retaining 90.90% of its mass after prolonged exposure

while maintaining structural integrity over three months in alkaline conditions. Furthermore, its enhanced
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Accepted 21st October 2025 ermal stability extends operational lifespan under elevated temperatures, making it a promising
candidate for long-term electrolysis applications. These findings establish semi-IPN structuring as an

DOI: 10.1039/d5ra06171g effective strategy for developing high-performance membranes suited for next-generation alkaline water
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1 Introduction

The growing urgency to transition from fossil fuels to sustain-
able energy solutions has sparked global interest in hydrogen as
an energy carrier.®> Among the various production methods,
water electrolysis is the most promising, especially when pow-
ered by renewable energy sources, due to its low capital cost and
absence of greenhouse gas emissions.” Traditional alkaline
water electrolysis (AWE) utilizes a porous diaphragm and
a concentrated KOH solution (30-40 wt%). This enables the use
of cost-effective, non-platinum-group metal catalysts, such as
nickel foam, under alkaline conditions.* However, these
electrolyzers operate with high cell voltages (1.7-2.4 V) and low
current densities (300-400 mA cm™?), resulting in low voltage
efficiency and high internal resistance.® Additionally, carbon-
ation of the KOH electrolyte can reduce durability by increasing
ion-transport resistance and obstructing mass transport in gas
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diffusion layers.® Further challenges, such as gas permeation
through the porous diaphragm and the risk of electrolyte blow-
out, can negatively impact long-term performance and
stability.®

To overcome these limitations, dense, non-porous polymeric
membranes have been introduced to replace the porous sepa-
rators. Proton exchange membranes (PEMs) and anion
exchange membranes (AEMs) offer several advantages,
including the production of high-purity hydrogen due to their
superior gas barrier properties. The use of a thick membrane at
high differential pressures enhances structural integrity,
ensuring durability and long-term stability.” PEMs have been
widely used in fuel cells and water electrolyzers. However,
a major barrier to their large-scale commercialization is the
high cost, primarily due to the membrane electrode assembly,
which consists of a state-of-the-art Nafion membrane and
expensive  platinum-based catalysts.®* Anion exchange
membrane water electrolyzers (AEMWEs) have attracted
significant attention due to their potential to combine the
advantages of the AWE with the rapidly developing PEM water
electrolysis.”'® Pt-free metal catalysts and inexpensive stack
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hardware can be utilized in alkaline polymeric electrolytes,
while low gas permeation is maintained. However, the low
alkaline stability of AEMs (<5000 hours) and reduced durability
at temperatures above 60 °C remain significant challenges."*
Degradation caused by 2nd order nucleophilic substitution
(SN2), Hofmann elimination of cationic groups, and free radical
attack weakens both mechanical strength and conductivity,
ultimately affecting long-term performance.™ To bridge the gap
in water electrolysis technologies, an operationally flexible
polymer electrolyte membrane with strong ion conduction,
high alkalinity, and stability at elevated temperatures (=80 °C)
is essential.

However, the presence of fixed cationic groups in polymer
membranes can significantly limit their stability under AWE
conditions.* Ion-solvating membranes (ISMs) are considered
a promising alternative for producing green hydrogen in alka-
line water electrolyzers. These combine the high efficiency and
gas barrier properties of membrane electrolyzers with the
advantages of conventional alkaline electrolyzers, such as ease
of use and affordability."** When immersed in a KOH solution,
ISMs facilitate hydroxide ion conduction by forming a homo-
geneous ternary electrolyte system consisting of polymer, KOH,
and water."”** Unlike porous diaphragms, ISMs are typically
non-porous yet can be fabricated as thin as other polymeric
membranes, achieving ionic conductivity through electrolyte
uptake rather than intrinsic hydroxide conductivity. Typical
ISMs are based on polybenzimidazole (PBI),"* poly(ethylene
oxide) (PEO)," and poly(vinyl alcohol) (PVA).**'” Xing et al.**
demonstrated the feasibility of PBI-based ISMs for AWE,
achieving a current density of 1.7 A cm™> at 1.8 V using a Raney
nickel catalyst. However, the electrochemical performance of
PBI ISMs was highly dependent on alkaline absorption, and
their long-term stability remained a concern due to hydroxide-
induced degradation at the imidazole C2 position, leading to
polymer chain scission.** To address this limitation, Diaz
et al'® developed hybrid ISMs by blending PBI with PVA,
leveraging PVA's hydrophilicity to enhance ion transport while
maintaining mechanical integrity. Further stabilization was
achieved through glutaraldehyde (GA) crosslinking, which
improved long-term performance in alkaline conditions.

Among various polymeric candidates, PVA has gained
attention for its strong alkali resistance and high hydrophi-
licity."*® It has been successfully utilized as an electrolyte
material in zinc-air batteries and is considered a promising
structural backbone for ISMs. Additionally, PVA has been
studied as an ion-solvating membrane due to its ability to
absorb and retain aqueous alkaline electrolytes, enabling
hydroxide ion conduction.*>* Lewandowski et al.'” showed that
optimizing the composition of PVA-KOH-H,O membranes
resulted in conductivity levels approaching 10™° S ecm ™!, with
electrochemical stability ranging from 1.5 V to 2.75 V depending
on the electrode material. Similarly, Palacios et al.'®* demon-
strated that PVA-based alkaline solid electrolyte membranes,
when combined with KOH and water, achieved a conductivity of
up to 2.3 x 107 S cm™" at room temperature, with further
enhancement under higher humidity due to the plasticizing
effect of water.
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However, despite its promising properties, pristine PVA
suffers from excessive swelling and limited mechanical stability
in alkaline environments, which restricts its long-term use in
water electrolysis. Notably, cross-linked PVA-based semi-IPN
membranes have demonstrated enhanced properties.
Amnuaypanich et al.** reported that semi-IPN structures based
on PVA effectively reduced excessive swelling while maintaining
water absorption. Similarly, Qiao et al.*> developed a PVA-based
semi-IPN membrane cross-linked with GA and incorporated
PVP for AEM applications. However, GA-based crosslinking
presents safety and stability concerns, necessitating alternative
crosslinking strategies.>

Overall, the development of hydroxyl-conducting
membranes aims to minimize energy losses while maintain-
ing high conductivity, gas barrier properties, and mechanical
strength. Achieving a balance between conductivity and tensile
strength is challenging, as increasing ion-exchange capacity
(IEC) enhances conductivity but also leads to excessive swelling,
compromising membrane integrity. While crosslinking and
reinforcement improve mechanical strength, they often reduce
conductivity.** Semi-IPN membranes overcome this limitation
by incorporating a stable polymer network that enhances ion
transport, controls swelling, and ensures durability, all while
preserving optimal electrochemical performance.?

To the best of our knowledge, no previous study has reported
the development of a semi-IPN ISM based on PVA cross-linked
with citric acid and combined with PVP, nor has any investi-
gation focused on optimizing PVP concentration, assessing the
effect of thermal treatment, or exploring KOH doping in such
systems. In this study, semi-IPN ISMs composed of PVA, citric
acid, and PVP were fabricated using the solvent-casting method.
Following synthesis, the membranes underwent thermal treat-
ment and were immersed in KOH solution to introduce specific
properties. The primary objective was to evaluate how
increasing PVP content and its physical entanglement influence
the formation of the semi-IPN structure and to determine the
optimal PVP concentration. Furthermore, the effects of thermal
treatment and KOH doping on the membrane's physicochem-
ical and electrochemical properties were investigated. By
examining these key parameters, this study offers valuable
insights into the interplay between material composition,
structural optimization, and post-treatment strategies,
contributing to the advancement of ISMs for potential appli-
cation in water electrolysis.

2 Materials and methods
2.1 Materials

Poly(vinyl alcohol) (PVA) (average Mw 130000, 99+% hydro-
lyzed), polyvinylpyrrolidone (PVP) (average Mw = 40 000), and
citric acid (CA) monohydrate ACS reagent (=99.5%) were
purchased from Sigma-Aldrich Co. Ltd and used without further
treatment. All chemical products used in this study, including
potassium hydroxide (KOH), silver nitrate (AgNO;) (99.8-
100.5%), sodium sulfate (Na,SO,4) (=99%), hydrogen peroxide
(30%) (H,0,), iron(u) sulfate (FeSO,4) (=99%), and potassium
dichromate (K,CrO,) were supplied by Sigma-Aldrich. All

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic of the ion-solvating membranes fabrication process.

reagents were of analytical grade and used without further
purification. All solutions in this study were prepared with
distilled water (pH = 5, conductivity of 14.79 uS cm™ %)

2.2 Membrane preparation

All the ISMs were prepared using the solvent casting technique
(Fig. 1). Initially, 10 g of PVA were dissolved in 100 mL of
distilled water at 90 °C for 6 hours, and 10 g of PVP were di-
ssolved in 100 mL of distilled water at 60 °C for 3 hours, to
obtain clear and homogeneous solutions. Subsequently, 20%
citric acid was introduced into the PVA solution and stirred for
2 h at 60 °C to initiate the crosslinking reaction. To investigate
the potential effects of PVP on the membrane properties, the
prepared PVP solution was then added to the cooled PVA-CA
mixture. Thus, solutions comprising different concentrations
of PVA-CA and PVP were prepared (PVA-CA:PVPX) in the
following ratios: 1:0, 1:0.25, 1:0.5, 1:0.75, 1:1, and 1:1.5.
These mixtures were stirred continuously at 60 °C for 3 h to
ensure uniform mixing and poured into Petri dishes at room
temperature. After complete solvent evaporation, the resulting
membranes underwent thermal treatment at 130 °C for 1 h to
continue the cross-linking process.

To impart anion conductivity, the membranes were
immersed in a 3 M KOH solution for 3 h at 60 °C to enhance the
hydroxide ion transfer capacity. They were then thoroughly
washed with distilled water to remove excess KOH. The result-
ing ISMs included the neat PVA membrane as the reference,
while the others were denoted as PVA-CA:PVPX, where X refers
to the PVP ratio (X = 0, 0.25, 0.5, 0.75, 1, 1.5).

3 Characterization techniques
3.1 Fourier transform infrared spectroscopy (FTIR)

The chemical structure of the membranes was characterized
using Fourier transform infrared spectroscopy (FTIR, Perki-
nElmer Spectrum 2000, Waltham, Massachusetts, United State).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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This analysis was conducted in the range of 600-4000 cm™ ",

using 32 scans per spectrum and a 4 cm™ " spectrum resolution.

3.2 Soxhlet extraction

This procedure was conducted to assess the structural stability
and resistance of the membranes in an aqueous environment.
The dried membrane was placed in a Soxhlet apparatus, and the
extraction was carried out using water at 100 °C for 24 hours.
This process aimed to evaluate the membrane's ability to retain
its components under prolonged exposure to water.”® After
extraction, the membrane was thoroughly dried to eliminate
any residual moisture, ensuring accurate mass measurements.
The membrane mass was measured before (W;) and after
extraction (Wy) to evaluate the mass change.
The weight retention was calculated as follows:

R(%) = % % 100 (1)

1

3.3 Scanning electron microscopy (SEM)

The top and cryofractured cross-section views of the developed
membranes were examined using a scanning electron micro-
scope (SEM, ZEISS EVO 10, GmbH, Jena, Germany) at an oper-
ating voltage of 10 kV. To avoid electrical charging during
imaging, the samples were coated with a layer of gold sputtering
(5 kv accelerated voltage) in an ionization chamber beforehand.

3.4 Water uptake and swelling ratio

The measurements of the membranes’ water uptake (WU) and
swelling ratio (SR) were conducted by assessing the membrane's
changes in mass and dimension after immersing them in water.
Initially, the membranes underwent drying in an oven at 60 °C
for 24 hours to determine the dry weight (Wg,,) and the dry state
(Lary)- Subsequently, the membranes were soaked in deionized
water for 24 hours. The excess of water was removed from the

RSC Adv, 2025, 15, 40823-40845 | 40825
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surface, and the membranes were weighed to determine the wet
weight (W) and measured to determine the wet length (Lyeq).
The WU and SR of the membranes were calculated as follows:

Wwel - Wdry
WU = ————= x 100 2
W (2)
SR = Luer = Lay % 100 (3)
Ldry

3.5 Alkaline stability

To assess the alkaline stability of the ISMs, they were initially
immersed in a 1 M KOH solution at room temperature for 48
hours. The mass of the membranes was measured before and
after the alkaline stability test. Additionally, images of the
membranes were captured both before and after immersion to
visually inspect any structural or morphological changes. For
long-term stability evaluation, the selected membranes were
submerged in the same 1 M KOH solution for three months,
thoroughly rinsed with deionized water, and analyzed using
FTIR spectroscopy to assess any changes in their chemical
composition. To further approximate real alkaline electrolysis
conditions, membranes were tested for one week in 1 M KOH at
60 °C, followed by mass retention measurements and FTIR
analysis to assess structural stability.

3.6 Oxidative stability

To evaluate the oxidative stability of the membranes under
harsh oxidative conditions, the membranes were exposed to
Fenton reagent treatment (3% H,0, with 3 ppm FeSO,) for 8 h
at 60 °C. Following exposure, the membranes underwent a 2 h
drying process at 60 °C after being rinsed with deionized water,
and their post-treatment dry weight was determined. To assess
their resistance to oxidative degradation, changes in weight and
physical characteristics, such as discoloration or brittleness,
were compared to pre-treatment conditions. Understanding the
membranes' durability in oxidative environments depends on
this analysis.

3.7 Ion exchange capacity (IEC)

The Mohr method was utilized to determine the IEC value of the
membrane and assess its concentration of interchangeable
ionic groups. After measuring the dried membrane samples,
they were directly immersed for 24 h in an aqueous solution of
1 M NaCl, which converted the ion exchange groups to Cl™ ions.
The samples were then removed from the solution and gently
rinsed with deionized water. They were then immersed in an
aqueous solution containing 0.5 M Na,SO, for 48 h to substitute
Cl™ ions with SO,>~ ions. An aqueous solution of K,CrO, was
used as an indicator, and titration with a 0.05 M aqueous
solution of AgNO; was used to calculate the amount of
substituted C1™ ions.
The following formula was used to determine IEC:

CAgNO3 VAgNO3 (4)

IEC =
Wdry
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where C represents the concentration of AgNOj3, V the volume of
AgNO; and W,y is the weight of the dried membrane sample.

3.8 Hydroxide conductivity

Hydroxide conductivity was measured using electrochemical
impedance spectroscopy (EIS) in a zero-gap configuration. The
membrane was sandwiched between two stainless steel elec-
trodes using a 1 M KOH electrolyte at room temperature.
Impedance measurements were conducted over a frequency
range of 200 kHz to 100 MHz with an AC voltage amplitude of
10 mV.””?® The membrane resistance (R) was determined from
the impedance measurements, and hydroxide ion conductivity
(o, ms em ™) was calculated using the following equation:

L
7T AxR ()

where L is the distance between the two electrodes or the
thickness of the membrane, A is the active area, and R is the
resistance attributed to the membrane.

3.9 Thermogravimetric analysis (TGA)

The thermal stability of the prepared membranes was assessed
using a thermogravimetric analyzer apparatus (Discovery TGA,
TA instruments New Castle, United State). The tests were per-
formed under a nitrogen atmosphere (25 mL min~") at a heat-
ing rate of 10 °C min " from 25 °C to 900 °C.

3.10 Tensile test

Tensile tests were performed at room temperature using
a Universal Testing Machine Texture Analyzer (SHIMADZ,
Kyoto, Japan) with a gauge length of 30 mm, a crosshead speed
of 5mm min ", and a 1 kN load cell in accordance with ISO 527-
5. The produced membranes were therefore trimmed into
a rectangle shape (10 x 50 mm?), and the representative value
was stated as the average of five specimens.

4 Results and discussion
4.1 Manufacturing process and mechanisms

This study presents a novel approach to designing high-
performance ISMs with improved ionic conductivity and
structural stability for electrochemical applications. This
approach combines PVA, citric acid, and PVP to develop robust
semi-IPN membranes with tailored physicochemical properties.
Different PVA-based membrane formulations were synthesized,
thermally cured, and alkali-doped to maximize mechanical
strength, electrochemical durability, and ionic transport
capabilities.

To ensure structural integrity, efficient crosslinking, and
uniform polymer dispersion, a series of critical steps were
implemented in the production process. PVA was first dissolved
in deionized water under controlled heating and continuous
stirring to promote polymer chain relaxation and homogeneity.
The crosslinking reaction was subsequently initiated by the
carefully controlled addition of citric acid, which formed ester
bond with the PVA's hydroxyl groups. This reaction was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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necessary to decrease solubility, strengthen intermolecular
connections, and increase resistance to dissolution in aqueous
environments, thereby improving the membrane's thermal,
mechanical, and chemical durability.>

To further improve flexibility and ionic conductivity, PVP,
acting as both a plasticizer and structure modifier, was incor-
porated at different concentrations. The role of PVP extends
beyond improving mechanical properties, as it also promotes the
formation of semi-IPN structures through physical entanglement
within the cross-linked PVA network.**** This interaction directly
affects the morphology, porosity, and ion transport properties of
the membrane.*® The purpose of optimizing PVP concentration is
not only to establish a balance between mechanical stability and
ion mobility, but also to identify the transition point at which the
material develops into a stable semi-IPN structure.”””* The
proposed mechanism of semi-IPN formation is illustrated in
Fig. 2, highlighting how PVP chains physically entangle within
the cross-linked PVA matrix. The objective of this study is to
determine the threshold concentration at which PVP entangle-
ment occurs without destroying the cross-linked PVA matrix,
ensuring the coexistence of the cross-linked and the physically
interpenetrating polymer phases.

At low PVP concentrations, the network remains largely
governed by cross-linked PVA, resulting in a rigid structure with
limited flexibility and restricted ion transport pathways.*
Conversely, excessive PVP concentration increases the mobility
of the polymer chains, thereby weakening the mechanical
integrity of the membrane and reducing its structural durability
under operating conditions.**** Therefore, accurately deter-
mining the PVP concentration for semi-IPN formation is
important to maintain mechanical robustness and maximize
the interconnectivity of ion transport pathways.**** In addition,
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the hydrophilicity of PVP affects the membrane's ability to
absorb water and plays an important role in maintaining high
ionic conductivity.**** Controlled increases in PVP content can
promote water absorption, thereby improving hydration of ion
charge carriers and reducing interface resistance. However,
excessive water absorption can lead to swelling and potential
structural degradation during long-term use.**** By fine-tuning
the PVP ratio, water absorption can be precisely controlled to
ensure optimal hydration levels without compromising
mechanical integrity.

To systematically evaluate these effects, a series of membrane
formulations were prepared with different PVA-CA to PVP ratios
(1:0,1:0.25,1:0.5,1:0.75, 1:1, and 1:1.5), transitioning from
a PVArich to a PVPrich matrix. This gradual change in PVP
content allows for a thorough examination of its impact on
membrane characteristics, making it easier to determine the ideal
composition that targets the precise conditions for semi-IPN
formation while achieving the optimal balance between mechan-
ical strength, ionic conductivity, and electrochemical stability.

In addition to compositional optimization, heat treatment
and alkaline doping are important factors in defining the final
membrane properties. In order to strengthen the crosslinking
between PVA and citric acid and stabilize the semi-IPN network,
the membranes in this investigation were thermally cured at
130 °C. The hydroxyl groups of PVA and citric acid form ester
bonds when heated to this temperature, improving the mate-
rial's mechanical strength, chemical resistance, and structural
integrity.”>*® The removal of leftover solvents by this heat
treatment also results in a denser, defect-free membrane
structure. Heating also helps with phase separation between
PVA and PVP, which can affect porosity and, in turn, the ionic
transport behavior of the membrane.**?*
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Fig. 2 Manufacturing process and mechanisms of the elaborated ion-solvating membranes.
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After heat treatment, the membranes were doped with KOH
solution. This process is commonly referred to as “cooking”.>*%”
This alkali treatment is essential to convert the membrane into an
ion-solvating structure suitable for electrochemical applica-
tions.**” The KOH treatment partially hydrolyzes the free
carboxylic acids of the citric acid, forming negatively charged
functional groups that facilitate ion exchange and improve ion
conductivity. In addition, the interaction of KOH with the polymer
matrix increases the hydrophilicity of the membrane, improving
water retention and promoting the efficiency of ion transport
pathways.***” Controlling swelling through the addition of KOH
also helps to maintain sufficient mechanical robustness to with-
stand operating conditions while modulating membrane flexi-
bility and ensuring that ion transport is not hindered.***”

This study offers important insights into the interaction
between polymer composition, crosslinking mechanisms, and
post-processing alterations by methodically examining the
impacts of PVP concentration, thermal treatment, and alkaline
doping. With potential uses in water electrolysis and other
electrochemical energy conversion systems, these discoveries
further the development of ISMs. These findings contribute to the
advancement of ISMs with potential applications in water elec-
trolysis and other electrochemical energy conversion systems.

4.2 Chemical structural analysis

The membranes after thermal treatment were subjected to FTIR
spectroscopy both before and after KOH doping to gain a better
understanding of the ion solvation process and its structural
evolution. This analysis provides information on the chemical
interactions causing the membrane to change into an ion-
solvating system and enables the identification of functional
group changes. Fig. 3a presents the FTIR spectrum of the neat
PVA membrane before cooking in KOH, revealing a broad
absorption band in the 3200-3400 cm ™' range, which corre-
sponds to the hydroxyl groups of PVA, confirming hydrophilicity
and strong hydrogen bonding.*® The two distinct bands
observed at 2912 and 2942 cm™ " correspond to symmetric and
asymmetric stretching vibrations of methylene (-CH,) groups in
the PVA backbone.* The band observed at 1659 cm ™' is asso-
ciated with bending vibrations of hydroxyl groups, indicating
the presence of a large number of free hydroxyl groups.** The
polymer's aliphatic structure is confirmed by the band at
1421 em ™, which is linked to the bending vibration mode of
methylene (-CH,) groups.* Meanwhile, the peak at 1329 cm™*
is associated with bending vibrations of hydroxyl groups (6(OH))
and vibrations of methylene groups (CH wagging).** The crys-
talline portion of PVA exhibits stretching vibrations of C-O
bonds in the band at 1145 cm ™', while the amorphous sections
of PVA exhibit bending vibrations of hydroxyl groups and
stretching vibrations of C-O bonds in the band at 1085 cm™".*
The CH, and C-C stretching vibrations in the PVA polymer
chain are represented by the other peaks at 917 cm ' and
848 cm ™', respectively.*

When PVA was cross-linked with citric acid, significant
changes appeared in the FTIR spectrum, indicating successful
chemical alterations. Upon crosslinking with citric acid, an
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ester linkage is formed between the hydroxyl group of PVA and
the carboxyl group of citric acid.*® This is confirmed by the
appearance or enhancement of a new peak around 1710-
1740 cm™* corresponding to stretching vibrations of the ester
carbonyl group (C=0).** The broad absorption band in the
range 3200-3400 cm ' is related to the hydroxyl group and may
be slightly shifted with decreasing intensity due to depletion of
the hydroxyl group during esterification or changes in the
hydrogen bonding network.** The interaction between the
hydroxyl groups of PVA and citric acid is further confirmed by
the decreased intensity of the band at 1659 cm ™', which is
associated with the bending vibrations of free hydroxyl
groups.* Changes in the local chemical environment brought
on by crosslinking may also produce slight variations in the
peak at 1421 em™', which is linked to the scissoring and
wagging of methylene (-CH,) groups.* Additionally, the amor-
phous region's peak at 1085 cm ' and the crystalline region's
peak at 1145 cm™ ' showed variations in the band intensity,
indicating the structural reorganization of PVA upon
crosslinking.?**°

Conversely, the lactam structure and functional groups of
PVP are reflected in its characteristic FTIR bands (Fig. 3a). The
lactam ring's carbonyl (C=0) stretching vibration, which is
sensitive to hydrogen bonding and interactions with other
components, is represented by the most noticeable peak, which
arises at 1650 cm™ '.3** The amide functionality is further
confirmed by the appearance of the C-N stretching vibration at
1280 cm™*.%” The symmetric and asymmetric C-H stretching of
the CH, groups in the aliphatic backbone is shown by peaks
about 2800-3000 cm ™", whilst the CH, groups exhibit bending
and wagging motions around 1400-1500 cm™".*”*> The 600-
1100 cm ™" range is where vibrations linked to the cyclic lactam
structure and C-C/C-O bonds are detected.*”

Notable alterations in the FTIR spectra show the structural
and chemical changes in the polymer matrix as the PVP content
rises in relation to PVA and eventually exceeds it (Fig. 3b). The
lactam ring's carbonyl (C=0) stretching vibration, the most
noticeable characteristic linked to PVP, is usually seen between
1650 and 1665 cm™ ' and grows more and more pronounced as
the PVP content increases.***"** This suggests that PVP is
becoming more prevalent in the composite system. Increased
hydrogen bonding interactions between PVP's carbonyl groups
and the remaining PVA hydroxyl groups or the remaining citric
acid carboxyl groups may potentially contribute to this peak's
increased intensity. The broad O-H stretching band around
3200-3400 cm ™, which characterizes the PVA hydroxyl groups
and their associated hydrogen bonding network, change further
with increasing PVP content.*® The intensity of this band
decrease and the band shape broaden as PVP amide groups
form hydrogen bonds with PVP and citric acid components,
disrupting the original PVP hydrogen bonding network.**

Other PVP-specific peaks, such as C-N stretching vibrations
in the 1290-1350 cm ™" region, become more prominent with
increasing PVP concentration, further confirming their
increasing contribution to the overall chemical structure.’”
Similarly, the intensity of aliphatic C-H stretching vibrations in
the 2800-3000 cm™ ' region and CH, bending vibrations and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FTIR spectra of (a) PVP, PVA, and cross-linked-PVA, (b) the prepared membranes before KOH doping, (c) the prepared membranes after

KOH doping.

vibrational motions in the 1400-1500 cm ™ region also increase
with increasing the proportion of PVP in the matrix.’”*>** The
vibrations associated with the cyclic lactam structure and C-C/
C-0O bonding of PVP are more pronounced in the lower wave-
length range (corresponding to 600-1100 cm™').*” The peaks at
1085 cm ™" (C-O stretching of amorphous PVA) and 1145 cm ™!
(C-O stretching of crystalline PVA) may be slightly shifted or
attenuated in intensity as the proportion of PVA in the matrix
decreases and its crystalline and amorphous structure is
destroyed by PVP.?7*%3

These spectral shifts show how PVP is incorporated into the
PVA-citric acid matrix and provide insight into how PVP, PVA,
and citric acid interact chemically as PVP content rises. Signif-
icant effects on the physical and chemical characteristics of the

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

resultant membranes are caused by the dominance of PVP-
related peaks when its concentration exceeds PVA, which
confirms the shift to a PVP-rich matrix.

Following cooking in KOH (Fig. 3c), the FTIR spectra shows
notable spectral shifts, indicating structural and chemical
changes in the polymer matrix. The intensity of the broad
absorption band corresponding to the hydroxyl group (-OH) in
the range 3200-3400 cm ™' may be altered or shifted due to the
partial hydrolysis of ester bonds, leading to the formation of
additional hydroxyl groups that increase the hydrophilicity of
the membrane.*® The partial ester bond hydrolysis was further
confirmed by the appearance of new carboxylate (-COO™) bands
at 1550-1600 cm ™ and by the decreased intensity of the ester
carbonyl (C=0) stretching band at 1710-1740 cm™ '3
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PVP's C=0O0 stretching vibration, which occurs between 1650
and 1665 cm ™', exhibits peak broadening or intensity fluctua-
tions as a result of novel hydrogen bonding interactions with
carboxylate and hydroxyl groups.**** Disruption of PVA crystal-
line domains and increased amorphization, which promotes
ion transport, are shown by the weakening or shifting of the
bands at 1085 cm ™' (C-O stretching of amorphous PVA) and
1145 em~ ' (C-O stretching of crystalline PVA).*”*> Following
KOH treatment, the polymer chain's flexibility may cause
bending vibrations in the 1400-1500 cm ™" range to shift, while
the symmetric and asymmetric stretching vibrations of methy-
lene (-CH,) groups in the 2800-3000 cm ™' region may slightly
lessen in intensity.>”*

Furthermore, higher intensity in the 600-1100 cm™' area
indicates improved ion solvation interactions brought on by the
new ionic species creation and the inclusion of K' ions.*® As
a result of these changes, the polymer matrix is reorganized,
carboxylate groups are formed, and ester bonds are partially
hydrolyzed, improving flexibility, water absorption, and ionic
conductivity. The membrane is more appropriate for electro-
chemical applications, including water electrolyzers, due to the
diminution of PVA crystalline peaks and the appearance of
larger ionic interaction bands, which further suggest a shift
toward a more amorphous, ion-solvating structure.

4.3 Soxhlet extraction test

When evaluating the structural integrity and chemical stability
of ISMs, the Soxhlet extraction test is essential. It provides
insight into the degree of crosslinking, the solubility of
membrane constituents, and the compatibility of the polymers
within the matrix.*” In this study, to confirm the formation of
the semi-IPN and further assess the stability and structural
integrity of the prepared membranes, a Soxhlet extraction was
performed using water as the solvent. Water was selected for its
ability to dissolve the primary components of the membranes,
PVA,*® PVP,* and citric acid,* and to simulate real operating
conditions, offering insight into the membrane's resistance to
aqueous environments. Water also allows for a more compre-
hensive evaluation of the network's cohesion by testing the
solubility and leaching behavior of PVA, PVP, and citric acid.
This approach helps determine the effectiveness of cross-
linking, the retention of polymeric constituents, and the overall
durability of the membrane in practical applications.*”

As shown in Fig. 4, the Soxhlet extraction test demonstrates
that the alkali-treated PVA membrane exhibits strong resistance
to dissolution, with a retention rate of 98.32%. This high
retention is attributed to the presence of robust hydrogen bonds
between polymer chains, which prevent excessive dissolution
during the extraction process.** Additionally, thermal and alkali
treatments further enhance PVA's resistance to dissolution.
Thermal treatment stabilizes the material by increasing its
degree of crystallinity through the alignment of polymer
chains.?”* Meanwhile, alkali treatment induces partial deace-
tylation, reinforcing the polymer structure while slightly
reducing its solubility.>
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Fig. 4 Mass Retention of the prepared ion-solvating membrane
during Soxhlet extraction.

For the PVA-CA:PVPO membrane, retention increased to
99.53%, demonstrating that citric acid crosslinking enhances
membrane stability. The slight improvement compared to neat
PVA suggests that the cross-linked network effectively restricts
the leaching of polymeric components, further confirming the
successful formation of a stable polymer structure. The high
retention confirms that citric acid effectively crosslinks PVA
through esterification reactions, enhancing the membrane's
chemical resistance while preserving its structural integrity. The
optimal amount of citric acid, 20 wt%, used in this work, is the
ideal ratio for crosslinking PVA membranes.*® This is supported
by several studies,”” including S. M. Huang et al.’s findings,*®
which demonstrate that 20% citric acid improves membrane
performance and stability.

In PVA-CA:PVP0.25 and PVA-CA:PVP0.5 membranes, reten-
tion remains close to 95%, although slightly lower than in the
fully cross-linked PVA-CA membrane. This slight decrease in
retention indicates that the introduction of a sufficient amount
of PVP does not significantly compromise the cohesion of the
polymer matrix. At these concentrations of PVP, the chains are
physically entangled in the cross-linked PVA-CA network,
forming a semi-IPN. This structure allows PVP to confer useful
properties, such as increased flexibility and hydrophilicity,
without disturbing the integrity of the chemically cross-linked
domains.**** The ester bonds formed between citric acid and
PVA continue to maintain the membrane backbone and prevent
large-scale dissolution even after prolonged exposure to boiling
water. Hydrophilic groups added from the PVP may contribute
to a small amount of water absorption and cause a slight weight
loss, but the overall network remains very dense and robust.**-**
At this stage, no significant leaching occurs because of the large
PVP domains and low integration. Thus, the membrane retains
both physical integrity and functional potential, indicating that
semi-IPN structures with controlled PVP content can be an

© 2025 The Author(s). Published by the Royal Society of Chemistry
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effective compromise between structural stability and desired
performance.®

As the PVP content increases (PVA-CA:PVP0.75, PVA-
CA:PVP1, and PVA-CA:PVP1.5), retention declines more signifi-
cantly to 89.79%, 89.02%, and 89.49%, respectively. At greater
concentrations, the PVP-rich phase dominates, resulting in
a softer, more flexible, and water-absorbent membrane. Water
stability is reduced, even though this may improve ionic
conductivity and ion transport. The main causes of decreased
retention are increased solubilization of PVP chains, reduced
intermolecular interactions within the matrix, and possibly
insufficient entanglement or integration of PVP into the PVA-CA
network.***** The network is further altered by the KOH
treatment, which partially hydrolyzes ester bonds and intro-
duces carboxylate groups to impart anion conductivity. This
approach, especially in PVP-rich conditions, might increase
water swelling and membrane hydrophilicity, resulting in more
material loss during Soxhlet extraction.*

Overall, Soxhlet extraction with water confirms that cross-
linking enhances membrane stability while excessive PVP
incorporation compromises structural cohesion. These findings
highlight the need to optimize polymer composition to achieve
a balance between stability, ionic conductivity, and long-term
durability in electrochemical applications.

4.4 Morphological observations

The thermally treated and KOH-conditioned membranes’
morphological evolution (Fig. 5) shows clear structural changes
as the formulations’ composition changes from PVA-rich to
PVP-rich, highlighting how phase behavior, crosslinking, and
polymer interactions affect membrane architecture and shape
their potential as ISMs. Pure PVA and PVA-CA have a dense and
cohesive surface, which is indicative of robust intermolecular
interactions and ester crosslinking that reinforce the
membrane's structural integrity and minimize irregularities.*®
Small additions of PVP (PVA-CA:PVP0.25 and PVA-CA:PVP0.5)
result in a perceptible increase in porosity and heterogeneity
of the membrane surface, according to SEM images. This
suggests that PVP, which is only introduced by physical entan-
glement, modifies the compact arrangement of the cross-linked
network.?*? This results in regions where the polymer chains
are not as tightly packed, resulting in microvoids and textural
differences that are also visible on the cross-section. Based on
these features, a semi-interpenetrating matrix is formed, in
which the PVP domains expand and create a more open struc-
ture, while the cross-linked PVA-CA component preserves a core
backbone, which is in good agreement with Soxhlet results.**=**
However, with further increases in PVP content (PVA-
CA:PVP0.75 and PVA-CA:PVP1.5), the morphology shifts once
again, returning to a denser, more homogeneous appearance.
In membranes with higher PVP content, the interactions
between the PVP chains become more pronounced, creating
areas of cohesive polymer entanglement that lessen the
apparent porosity, thus reducing the extent of phase separa-
tion.***** The cross-sectional views support this pattern,
demonstrating that membranes with higher PVP ratios regain

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Top and cross-sectional views of the prepared ion-solvating
membranes.

a cohesive network with fewer noticeable voids, whereas those
with intermediate PVP levels have a rougher, more irregular
internal structure.

These results imply that moderate PVP concentrations (0.25—
0.5), where the interaction between porosity, free volume, and
polymer cohesion is well tuned, may be the ideal balance for
ion-solvating applications. At these compositions, the
membrane structure maintains mechanical stability to avoid
excessive swelling or deterioration while remaining open
enough to allow efficient ion transport. PVP-rich membranes,
on the other hand, may show decreased ionic mobility because
of polymer densification, whereas PVA-rich membranes, despite
their structural strength, may restrict ion diffusion because of
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their compact nature. In order to produce ISMs that balance
hydration, dimensional stability, and effective ion conduction
for electrochemical applications such as alkaline electrolyzers,
it is imperative to accurately manage the polymer composition
and phase distribution.

4.5 Water uptake and swelling ratio

Water absorption and swelling are critical to the performance of
ISMs as they directly affect ion transport, mechanical integrity
and structural stability under operating conditions.*** High
water absorption ensures sufficient hydration of functional
groups for efficient hydroxide ion transport, while controlled
swelling prevents deformation and damage to the structure.*
The structural alterations brought about by thermal treatment
at 130 °C and subsequent immersion in KOH, as well as the
molecular interactions generated during synthesis, are strongly
related to the variations in water absorption and swelling seen
across various membrane compositions. These post-processing
treatments are essential for improving crosslinking, preserving
polymer connections, and altering the network of polymers’
hydrophilic-hydrophobic balance.?*3***

Fig. 6 shows that the water absorption and swelling of the
produced membranes vary in three different regions, each
reflecting different structural interactions and modifications. In
the first region, from pure PVA to PVA-CA:PVPO and PVA-
CA:PVP0.25, the water absorption increases significantly from
60.09% for pure PVA to 193.96% for PVA-CA:PVP0.25, indicating
the progressive enhancement of membrane hydrophilicity. Neat
PVA's high hydroxyl groups, which have a strong interaction
with water molecules, contribute to its roughly 60.09% water
absorption.*®* Nevertheless, significant swelling compromises
dimensional stability when crosslinking is absent.** Citric acid
crosslinking introduces ester linkages, creating a stiff three-
dimensional network that restricts the mobility of polymer
chains. The distinctive esterification peaks of FTIR analysis
demonstrate that this stabilization decreases swelling while
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Fig. 6 The water uptake and swelling ratios of the prepared
membranes.
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preserving a moderate increase in water absorption (157.87%).
Modest hydrophilicity and decreased swelling are caused by
alkali treatment in KOH, which also strengthens network
rigidity by promoting additional crosslinking reactions and
boosting residual carboxyl functionalities.***” When PVP is
added to the cross-linked PVA-CA matrix, its hydrophilic lactam
groups (C=0) significantly enhance water absorption. Water
uptake increases significantly at 0.25% PVP, reflecting the
enhanced hydrophilicity of the system. This may support the
creation of a stable semi-IPN, where the physically entangled
PVP chains enhance hydrophilicity and contribute to water
uptake, while the cross-linked PVA-CA structure provides
mechanical strength.**** SEM images provide further evidence
of this result, showing that the addition of 0.25 wt% PVP results
in the formation of a more porous structure, enabling greater
water absorption. PVP's lactam carbonyl groups form a strong
hydrogen bond with the hydroxyl and carboxylic groups of PVA-
CA, allowing PVP to be integrated into the cross-linked
matrix.*** As observed in FTIR spectra, thermal treatment
also strengthens these interactions by promoting chemical
rearrangement and stronger hydrogen bonds. In order to
prevent excessive swelling and improve water uptake, the semi-
IPN arrangement achieves a balance between water retention
and structural integrity.***' Tests of Soxhlet extraction confirm
the system's stability and reveal extremely low weight loss,
demonstrating that the cross-linked PVA-CA network efficiently
holds onto PVP and inhibits leaching.

In the second region, from PVA-CA:PVP0.25 to PVA-
CA:PVP0.75, both water absorption and swelling decrease. As
the cross-linked matrix approached the saturation point of
retained PVP, water absorption decreased from 193.96% to
136.93%. Excess PVP disrupted the network homogeneity,
reduced the density of semi-IPNs, formed PVP-rich micro-
regions, limited water penetration and reduced swelling.***
Soxhlet results in this region show a slight weight loss due to
leaching of some of the poorly integrated PVP, but the semi-IPN
remains relatively stable. Furthermore, thermal treatment
stabilizes the network against excessive expansion by strength-
ening hydrogen bonds and enhancing polymer packing, which
further reduces swelling. Similarly, KOH doping alters the ionic
environment of the polymer by adding negatively charged
carboxylate (-COO™) groups, which repel excess hydration over
a certain threshold and reduce excessive water uptake.***!

In the third region from PVA-CA:PVP0.75 to PVA-CA:PVP1.5,
the water absorption of PVA-CA:PVP1.5 increases again to
210.76%, but the swelling shows a more complex pattern.
Initially swelling decreases as the network becomes denser and
less flexible, as confirmed by SEM analysis, which reveals
a densely packed structure. Notwithstanding the dense SEM
appearance, swelling develops once again at PVA-CA:PVP1.5
because of the presence of extra PVP molecules that are not
yet completely incorporated into the cross-linked matrix. This
effect is explained by the development of hydrophilic PVP-rich
microdomains, which absorb a lot of water while also
decreasing structural stability by causing internal tensions from
excessive swelling.***** Soxhlet extraction results in this area

© 2025 The Author(s). Published by the Royal Society of Chemistry
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show significant weight loss, which confirms the leaching of
unbound PVP and the instability of the semi-IPN structure.

These results highlight the need to carefully regulate PVP
concentration, degree of cross-linking and post-processing
treatments to maximize water uptake and swelling behavior.
Controlling the hydrophilic-hydrophobic balance, strength-
ening the polymer network, and preventing excessive swelling
while maintaining adequate hydration for ion transport are all
made possible by thermal curing and KOH doping. The results
demonstrate the need for precise compositional optimization to
create high-performance ion-transport membranes that
combine effective hydration, dimensional stability, and
mechanical resilience.’*?*%

4.6 Alkaline stability

In alkaline water electrolyzers, the alkaline stability of ISMs is
a key determinant of their long-term performance and dura-
bility. Prolonged exposure to strongly alkaline environments
can lead to structural degradation, excessive swelling, and
chemical instability, ultimately compromising membrane
integrity and efficiency.®® Ensuring high alkaline stability is
therefore crucial for sustained operation and long-term appli-
cability in electrochemical systems.®* The alkaline stability test
of the prepared membranes was conducted under three
conditions: (i) immersion in 1 M KOH at room temperature for
48 h, (ii) immersion in 1 M KOH at room temperature for three
months, and (iii) immersion in 1 M KOH at 60 °C for 1 week to
simulate real operating conditions. Comparative assessment of
resistance to alkaline degradation was made possible by
monitoring structural and chemical changes using FTIR spec-
troscopy, mass retention, and visual inspection.

Short-term alkaline stability results show that most of the
membranes tested show good stability in alkaline environments
after 48 hours of immersion (Fig. 7). Both pure PVA and PVA-
CA:PVPO membranes retain 100% of their weight, consistent
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Fig.7 Mass retention of the produced ISMs after 48 hours in 1 M KOH
at room temperature and after 1 week in 1 M KOH at 60 °C.
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with strong retention during Soxhlet extraction. This stability is
due to the thermal treatment at 130 °C for 1 h, which increases
the crystallinity, strengthens hydrogen bonding, and creates
a dense, rigid network, as confirmed by SEM images.®* Cross-
linking PVA with citric acid further produces a stable chemical
structure that is resistant to both water solubilization and
alkaline degradation.**™® Visual inspection of pre- and post-
treatment images of these membranes shows little change in
texture and structure, reflecting a robust network. The
membranes appear smooth and dense before treatment and
retain this integrity after treatment, showing no significant
swelling or surface damage (Fig. 8a).

For membranes with moderate concentrations of PVP (PVA-
CA:PVP0.25 and PVA-CA:PVPO0.5), the slight increase in mass
retention during short-term alkalinity tests can be attributed
to moderate swelling, as also suggested by the results of
Soxhlet analysis (Fig. 4). The semi-IPN structure of these
membranes, formed by physically weaving PVP into a cross-
linked PVA-CA network, can control water uptake without
significantly reducing stability.”® The slight increase in
retained mass (102.16% and 101.63%) indicates that the
membranes absorb KOH solution, which does not signifi-
cantly degrade the structure and can even improve electro-
chemical performance.">'>'” Following treatment, images of
these membranes reveal a small whitening, most likely as
a result of the increased hydrophilic PVP content, which
interacts with the alkaline environment to produce moderate
surface alterations. This slight color shift is a result of struc-
tural changes that are taking place without significant leach-
ing or deterioration (Fig. 8a).

As PVP content increases, the relationship between the
short-term alkalinity test and Soxhlet data becomes clearer:
membranes with higher PVP concentrations (PVA-CA:PVP0.75,
PVA-CA:PVP1 and PVA-CA:PVP1.5) showed reduced retention
in both scenarios (Fig. 7). In the short-term alkalinity test,
retention dropped to 97.9% and 96.53%, while the Soxhlet
results showed a significant decrease in retention at similar PVP
levels. This pattern underscores that high PVP content weakens
overall network integrity. The flexibility and hydrophilicity
added by PVP leads to greater susceptibility to leaching and
degradation in both prolonged water exposure (Soxhlet) and
alkaline environments.*"**** When PVP content increases from
0.25 to 0.75, the membrane becomes even whiter, showing
increased hydrophilicity and water absorption. However, at
PVP1 and PVP1.5 contents, the films turn from white to trans-
parent, indicating that the PVP-rich network phase dominates
and alters the material's optical properties. This transparency
may be the result of structural reorganization and reduced
network density of PVA-CA, corresponding to poorer retention
and reduced stability (Fig. 8a).

Furthermore, FTIR spectra after 48 hours of alkali treatment
showed minimal changes (Fig. 9a). The broad band at 3200-
3400 cm " associated with hydroxyl (-OH) stretching remained
strong, indicating that the hydrogen bonds necessary for ion
mobility had been preserved, while methylene (-CH,) stretching
peaks at 2920 and 2940 cm ™' confirmed the stability of the PVA

backbone.®® The peak at 1653 cm ', attributed to the
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(@)  Before After (b)  Before After
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PVA-CA:PVP0.75
= =

PVA-CA:PVP1

Fig. 8 Photographic comparison of ISMs before and after immersion in 1 M KOH for (a) 48 hours at room temperature, (b) 3 months at room
temperature and (c) 1 week at 60 °C.

carboxylate groups (-COO™) formed during the partial hydro- to enhanced alkali uptake and ionic conductivity.** In addition,
lysis of the ester bonds, is still maintained, indicating the the characteristic C-N stretching vibrations of PVP (1290-
continued presence of citric acid crosslinking and contributing 1350 cm ™ ') are still visible, suggesting that PVP remains well
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Fig. 9 FTIR analysis of the prepared membranes after immersion in 1 M KOH for (a) 48 hours at room temperature, (b) 3 months at room
temperature and (c) 1 week at 60 °C.

embedded within the polymer matrix, preventing polymer
leaching and maintaining the semi-IPN structure.”

After three months in 1 M KOH, the FTIR spectra showed
more prominent bands with minor chemical changes (Fig. 9b).

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

The presence of carboxylate groups, arising from the partial
hydrolysis of ester linkages and the conversion of citric acid -
COOH groups into their carboxylate form, was evidenced by the
band at 1653 ecm ' It is generally recognized that this
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modification increases the fixed charge density, which may
improve ion conduction.”> However, a slight reduction in the
intensity of crystalline (1145 cm ™) and amorphous (1085 cm ™)
PVA bands suggests minor changes in the polymer's
morphology, potentially enhancing flexibility and facilitating
ion transport.>”*>

Following three months of alkaline exposure, morphological
changes were visually assessed for three typical membranes:
pure PVA, PVA-CA, and PVA-CA:PVPO0.25 (Fig. 8b) to supplement
FTIR results. At first, the pure PVA membrane appears smooth
and transparent, but after three months in KOH, it wrinkles and
becomes translucent, indicating disintegration due to excessive
swelling. Similarly, when exposed to KOH, the PVA-CA
membrane develops roughness and partial opacity, indicating
a partial break in cross-linking caused by ester bond hydrolysis,
as confirmed by the FTIR results. On the other hand, even after
prolonged alkaline exposure, the PVA-CA:PVP0.25 membrane
remains more stable and cohesive. There was no visible tearing,
dissolving, or wrinkling in the membrane's structure. The most
noticeable change was the color shift to white, which is attrib-
uted to enhanced hydration and the growth of PVP-rich
domains. This stability is primarily tuned by the covalent
ester cross-linked between PVA and citric acid, which provide
chemically robust linkages, along with physical interpenetra-
tion of PVP linear chains that stabilize the structure. These
mechanisms maintain mechanical integrity, prevent polymer
dissolution, and enable long-term stability.***?*

To approximate real alkaline water electrolyzer conditions,
membranes were immersed in 1 M KOH at 60 °C for one week
(Fig. 7). Pristine PVA and PVA-CA-PVPO membranes retained
more than 92% of their initial weight, due to the thermal
treatment and citric acid cross-linking.*>*>*> Membranes with
moderate PVP contents (PVA-CA:PVP0.25 and PVA-CA:PVP0.5)
exhibited the highest mass retention values (>93%), consis-
tent with the stabilizing role of balanced PVP entanglement.**-**
By contrast, membranes with higher PVP loadings (=1) showed
lower retention (85-90%), reflecting the tendency of excessive
hydrophilicity introduced by abundant PVP, which weakens the
network stability. These results are fully consistent with the
Soxhlet extraction results, where high PVP contents also corre-
lated with reduced stability.>**** Visual inspection of the
prepared membranes before and after immersion (Fig. 8c)
presents further confirmation of their alkaline stability at
elevated temperature. After one week, both pristine PVA and
PVA-CA:PVPO membranes retain their transparency and struc-
tural integrity, displaying only minor surface wrinkling. This
highlights the importance of the network thermal treatment
and crosslinking in preventing alkaline induced dissolution. In
contrast, the membrane PVA-CA:PVP0.25 showed a minor
whitening and slight surface roughness after immersion, which
is due to distributed PVP domains. These domains enhance the
water uptake and ion mobility without compromising the
overall cohesion of the membrane. The absence of cracks,
damage or delamination confirms that the semi-IPN architec-
ture preserves mechanical stability even under accelerated
alkaline and thermal exposure. FTIR analysis (Fig. 9c) of the
prepared membranes after alkaline exposure at 60 °C confirmed
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the preservation of the key functional groups, including
hydroxyl stretching at 3200-3400 cm™,*® methylene stretching
vibrations of PVA backbone (2912 and 2942 cm™'),* and
carboxylate bands (1653 cm™"). The characteristic C-N stretch-
ing vibrations of PVP (1290-1350 cm™") were also retained,
demonstrating that PVP remained embedded in the polymer
matrix, thereby, avoiding polymer leaching and maintaining the
semi-IPN structure.?”

These findings demonstrate that the semi-IPN based
membranes maintain their chemical integrity and structural
stability during both short- and long-term alkaline exposure, as
well as at elevated temperatures. Overall, the combination of
citric acid crosslinking and moderate PVP entanglement
provides a balance between hydrophilicity and mechanical
integrity, enabling resistance to alkaline degradation under the
tested conditions and indicating their potential suitability for
alkaline electrolysis environments.

4.7 Oxidative stability

ISMs oxidative stability is a crucial characteristic since, in
applications like alkaline water electrolyzers, they are subjected
to severe oxidative conditions and must sustain their structural
integrity and ion-conducting capabilities over time.*** Fig. 10
shows that the pristine PVA membrane has the highest oxida-
tion resistance (98.92%). This is due to the chemical and
structural changes induced by thermal and alkaline treat-
ment.* Indeed, KOH treatment removes weak polymer chains,
improves homogeneity and strengthens intra- and intermolec-
ular hydrogen bonds in the polymer matrix.>>*® By preventing
reactive species like hydroxyl radicals produced by the Fenton
reagent from penetrating, this procedure produces a dense,
tightly packed structure that resists oxidative destruction.®® This
is further confirmed by the low weight loss observed in Soxhlet
extraction tests demonstrating the strength and chemical
stability of the alkali-treated PVA membrane.* These properties
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Fig. 10 Oxidative Stability of the ion-solvating membranes.
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collectively provide the highest oxidative stability among all
membranes.

Oxidative stability drops to 80.87% for cross-linked PVA-CA.
By introducing ester bonds at the expense of hydroxyl groups,
crosslinking lessens the polymer's ability to withstand oxidative
degradation.”” Under severe oxidative conditions, the polymer
matrix is marginally more fragile because ester bonds are more
susceptible to hydrolytic and oxidative attack.”” The cross-
linked structure also decreases flexibility, making the
membrane more brittle and susceptible to oxidation over time,
even if it increases dimensional stability and decreases
swelling.”>%” However, PVA-CA's reduced swelling as compared
to pure PVA lessens the diffusion of reactive species, which
helps prevent deterioration and almost offsets its sensitivity.*>*”

When PVP is added at a low concentration (PVA-
CA:PVP0.25), oxidative stability increases considerably to
90.9%, demonstrating the stabilizing effect of the semi-IPN that
is formed at this stage. The advantages of cross-linked PVA-CA
are combined with the hydrophilic and functional qualities of
PVP in the semi-IPN.*> Although PVP's modest radical-
scavenging qualities lessen the effect of hydroxyl radicals on
the polymer, the network stability is improved by hydrogen
bonding between the lactam carbonyl groups of PVP and the
PVA-CA matrix.**** Additionally, PVP is well-entangled and
successfully retained within the cross-linked network, as evi-
denced by the minimal weight loss observed in the Soxhlet
assays for PVA-CA:PVP0.25. This structural stability improves
the membrane resistance to oxidative degradation by reducing
excessive swelling and water absorption and prevents reactive
species from deeply permeating the membrane.?>**

As PVP content increases beyond 0.25, oxidative stability
declines, dropping to 70.97% for PVA-CA:PVP1.5. This decrease
correlates with the increase in weight loss in the Soxhlet test,
reflecting the leaching of excess PVP that is poorly integrated
into the matrix. Excess PVP disrupts the crosslinking network,
destabilizes the semi-IPN and significantly increases swelling
and water absorption.”****® This leads to increased hydrophi-
licity and porosity, allowing oxidants to penetrate deeper into
the membrane and accelerating its degradation. In addition,
degradation of PVP, which is inherently less resistant to
oxidative damage, contributes to the observed weight loss and
decreased stability.”»*>%® The increased swelling observed in
these membranes further exacerbates membrane fragility by
exposing a larger surface area to oxidizing agents, leading to
increased structural damage, embrittlement and failure under
harsh conditions.?»?**%

These findings confirm that PVA-CA:PVP0.25 is the most
suitable composition for improving the durability and perfor-
mance of ISMs in alkaline electrochemical applications, as it
balances water absorption, swelling, and oxidation resistance
while achieving optimal oxidative stability.

4.8 Ionic conductivity

The hydroxide conductivity of the produced ISMs, measured by
EIS, demonstrates their ion transport capacity and correlates
well with their structural properties, swelling behavior, and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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water uptake.”* Since all membranes were alkali-treated with
KOH, this process played an important role in improving
hydroxide ion conductivity by modifying the polymer structure
and increasing the availability of hydroxide ion transport
pathways.>>*¢ The alkali treatment improves the overall stability
of the membrane by removing residual impurities, strength-
ening inter- and intramolecular hydrogen bonds, and
increasing the density of hydroxyl groups. This chemical acti-
vation further improves ion solvation and transport, which are
critical for ISMs in electrochemical applications.?*?¢

The limited water uptake (~60.09%) and lack of extra ionic
channels in the neat PVA membrane result in a relatively low
conductivity (~2.33 mS ecm™ ') (Fig. 11a). Although limited ion
transport is supported by the hydration layers around hydroxyl
groups, conductivity is hindered by the absence of functional
groups made especially for ion exchange.?” Despite the stabili-
zation and improved accessibility of the hydroxyl groups due to
the alkaline treatment in KOH, neat PVA's hydroxide ion
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conduction capabilities remain restricted in the absence of
further structural alterations.”” Upon crosslinking, the
hydroxide conductivity increases to about 3.54 mS cm™'. By
creating a stable three-dimensional network and adding
residual carboxylic groups (-COOH), the crosslinking process
enhances ionic transport by creating more ionizable sites.*
Crosslinks also improve the membrane's dimensional stability
and mechanical strength, limiting excessive swelling while
preserving enough water absorption for ion solvation. The
polymer matrix is further strengthened by the ester linkages
created during crosslinking, which also optimize ion transport
conditions and restrict excessive hydration.**-*

The most significant improvement in conductivity (~6.56
mS cm ™ ') was observed when PVP was added, the highest value
among all membranes. This improvement was attributed to the
formation of a stable semi-IPN between PVA-CA and PVP, where
the lactam carbonyl groups (C=0) of PVP created additional
ion channels and optimized water uptake (~193. 96%), which
resulted in complete hydration of the ionic sites without
excessive swelling.* Indeed, PVP increases the availability of
hydrophilic functional groups, which makes it easier for the
hydroxide ions to pass through the membrane and improves
their solvation. The minimal weight loss given by Soxhlet
extraction tests and high oxidative stability confirmed the
structural stability of the semi-IPN membrane, indicating that it
can effectively retain ionizable components.*> The hydroxide
conductivity drops dramatically to about 3.17 mS cm™* as the
PVP content rises to 0.75. The semi-IPN structure is broken, and
the cross-linked matrix's ability to hold onto PVP is saturated,
which causes this decrease.** Excess PVP reduces the homoge-
neity of ionic channels by forming poorly integrated micro-
domains. In addition, phase separation leads to a decrease in
water uptake (~136.93%) in this region, as PVP-rich domains
absorb water less efficiently, resulting in restricted hydroxide
ion transport through decreased hydration.*> At higher PVP
content (ratios of 1 and 1.5), conductivity slightly increases to
about 3.90 mS cm™' and 5.35 mS cm™', respectively. The
recovery of conductivity was associated with a re-increase in
water uptake (~210.76%) due to the formation of highly
hydrophilic PVP-rich microdomains.?*** These microdomains
are partially compensate for the structural damage by
improving water and ion transport pathways. However, the
overall ion transport efficiency was limited due to the lack of
a stable semi-IPN structure and the leaching of poorly incor-
porated PVP, as confirmed in Soxhlet and oxidative stability
tests. Although conductivity was improved, the structural
integrity of these membranes decreased, which may affect their
long-term performance.?***%

The results indicate a notable enhancement in ionic
conductivity through the introduction of citric acid and the
optimization of PVP content. The optimized membrane (PVA-
CA:PVP0.25) achieved a conductivity of 6.56 mS cm ™, signifi-
cantly higher than previously reported PVA-based membranes.
In comparison, Lewandowski et al'’ reported conductivity
levels approaching 107> S em ™', while Palacios et al.*® achieved
a maximum conductivity of 2.3 x 107> S em ™" for PVA-based
alkaline membranes. This enhancement is attributed to the
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formation of a stable semi-IPN structure. Furthermore, the
optimized water uptake (~193.96%) ensured efficient hydration
of ionic sites without excessive swelling, highlighting the
importance of material composition in maximizing ionic
conductivity.

The results of IEC measurements confirm the trends
observed in EIS, which quantifies the concentration of ion-
exchangeable groups that directly affect hydroxide ion trans-
port.”>* Due to the limited presence of functional hydroxyl
groups, the pure PVA membrane exhibited a low IEC
(~0.95 mmol g ) (Fig. 11b), which limited the ion exchange
efficiency and resulted in low conductivity (~2.33 mS cm™%).
The introduction of citric acid slightly increased the IEC
(~1.03 mmol g™') and improved the conductivity (~3.54
mS cm ') due to the additional ion exchange sites provided by
the remaining carboxyl groups. However, the crosslinking
network limited excessive swelling and maintained structural
integrity.® The highest IEC value (~2.18 mmol g~ ') was ach-
ieved when PVP was added at a ratio of 0.25, corresponding to
the highest conductivity (~6.56 mS cm ™). As previously stated,
the formation of a stable semi-IPN at this stage optimized
hydration (~193.96%) and simultaneously prevented excessive
swelling, enabling efficient ion exchange and hydroxide trans-
port.*> The presence of carbonyl groups in lactam PVP creates
additional ion exchange sites, and the semi-IPN structure
prevents the leaching of PVP as confirmed by the Soxhlet test.®
Increasing PVP content to 0.5 resulted in a sharp decrease in
IEC (~0.55 mmol g '), which is correlated with the observed
decrease in conductivity (~3.17 mS cm ). Excess PVP disrupts
the network and lowers the density of functional sites, while
increasing PVP swelling and leaching.?” At high PVP content
(ratio of 1.5), IEC recovered slightly (~1.72 mmol g ) due to
improved hydration, but excessive swelling and porosity
affected the retention of ion-exchangeable groups.*>** The
partial recovery of IEC coincided with an increase in conduc-
tivity (~5.35 mS cm™'), indicating that while hydration is
important, an optimal structural network is also essential for
long-term performance maintenance.*>*

Overall, the IEC results support the EIS trends and demon-
strate that the best balance between hydration, swelling control,
and ion exchange sites is found at PVA-CA:PVP0.25, where the
maximum conductivity is achieved. Hydroxide solvation is
improved by the KOH treatment, nevertheless, excessive PVP
causes structural instability, increased leaching, and decreased
ion exchange efficiency in the absence of a stable polymeric
structure. These results demonstrate that to reach high IEC,
conductivity, and stability for efficient ISMs in electrochemical
applications, PVP content and network crosslinking must be
optimized.

To better illustrate the significance of these findings, Table 1
presents a direct comparison between the optimized semi-IPN
membrane and the previously reported PVA-based
membranes. The comparison reveals that the optimized
membrane (PVA-CA:PVP0.25) exhibits superior IEC and
competitive ionic conductivity compared to the conventional
PVA/KOH membrane, thereby confirming the benefits of using
a controlled semi-IPN system.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparative properties of the prepared membrane and reported PVA-based membranes

IEC Temperature IC
Membrane (meq g™ (°C) (mS em™) Alkaline stability References
PVA/KOH 20-25 1 Good stability, no degradation over 17
2 years in alkaline solution
PVA/KOH 0.95 20-25 47 Good electrochemical stability 69
(£1.2 V)
PVA/Polyepichlorohydrin/KOH 0.86 20-25 20 Good chemical stability due to blending 70
PVA-poly(acrylonitrile-co-2- 1 20-25 3.43 Good stability in higher pH (pH > 7) 71
dimethylaminoethylmethacrylate)
PVP-CA:PVP0.25 2.18 Room 6.56 Good stability, no degradation This work
temperature after 3 months in 1 M KOH

4.9 Thermal stability

The long-term success of ISMs in alkaline water electrolyzers
depends on their ability to tolerate high temperatures without
losing structural integrity or ion transport efficiency.” The
effects of crosslinking, semi-IPNs formation, and post-
treatment in KOH on the thermal resistance of these
membranes are demonstrated by TGA and DTG analyses, which
offer important insights into their degradation behavior. The
membranes are subjected to high temperatures and a highly
caustic environment during AWE, which could accelerate
polymer deterioration if the network is not properly main-
tained.” By adding carboxylate (-COO™) groups through the
partial hydrolysis of ester bonds, the cooking process in KOH
changes the membrane's ionic characteristics and affects its
thermal stability. It also modulates polymer interaction and
influences the decomposition behavior observed in TGA.>**%”>

Given the hydrophilic nature of the polymer matrix and its
ability to retain moisture, all membranes show an initial weight
loss between 50 °C and 150 °C, corresponding to the evapora-
tion of absorbed water and volatile compounds.”™”* TGA data
(Fig. 12a) show that all membranes undergo a multi-stage
degradation process, with Tonset (the initial decomposition
temperature) and Tmax (the maximum decomposition
temperature) acting as indicators of thermal stability.

The neat PVA membranes have high thermal stability with
Tonset of 199.19 °C, Tmax1 (Fig. 12b) of 236.92 °C, and Tmax2
of 450.10 °C, indicating a densely packed polymer matrix sup-
ported by strong hydrogen bonding interactions. The first
degradation phase (Tmax1) corresponds to the removal of
bound water and degradation of the hydroxyl side groups, while
the main degradation peak of Tmax2 represents the breakage of
the polymer skeleton, which leads to CO, release.””* The high
Tonset and Tmax2 values reflect PVA's inherent thermal resis-
tance, which is further enhanced by KOH doping. Alkali treat-
ment leads to partial deacetylation and increased crystallinity,
thus enhancing intermolecular interactions and preventing
premature degradation.”***”> These results are consistent with
the high oxidative stability (98%) of PVA, as the dense hydrogen
bonding network prevents free radical penetration and inhibits
polymer degradation.

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

Crosslinking with citric acid (PVA-CA) results in a slight
decrease in thermal stability, with Tonset falling to 197.64 °C,
Tmax1 to 231.03 °C, and Tmax2 to 445.60 °C. This reduction is
attributed to the introduction of thermally cleavable ester
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bonds in place of hydroxyl groups.””®> While cross-linking
increases mechanical stiffness and limits swelling, it also
introduces thermally unstable bonds, making the polymer
network more susceptible to premature degradation.”*”® The
low Tmax2 further indicates that although esterification
improves dimensional stability, the high-temperature stability
of the polymer backbone is compromised.””* Additionally, the
absence of citric acid's characteristic endothermic peak (~156 °©
C), which corresponds to its melting point, confirms that citric
acid was molecularly distributed through crosslinking with
PVA.”° This behavior aligns with the results of oxidative stability,
which show that PVA-CA has poorer resistance (80%) than neat
PVA since ester linkages are more vulnerable to oxidative and
hydrolytic attack.

The inclusion of PVP in the membrane composition leads to
a more complex degradation profile, reflecting the influence of
the semi-IPN structure. A closer examination of the degradation
steps shows that blending with PVP splits the second PVA
degradation step into two distinct degradation stages.” This
behavior implies that the addition of PVP modifies the inter-
actions between the polymers, improves the thermal durability
of the network through the formation of hydrogen bonds with
PVA-CA, and delays the decomposition of the polymer back-
bone, thus modifying the thermal degradation pathway.””” The
observed change in thermal stability is also linked to the
decrease in crystallinity due to the incorporation of PVP.” Since
PVP is highly amorphous, its incorporation disrupts the ordered
crystalline domains of PVA, thereby increasing the disorder of
the polymer matrix. The addition of the amorphous phase
improved chain mobility and initially stabilized the structure,
but the introduction of excess PVP eventually weakened resis-
tance to high temperatures.”” As a result, all films of PVA-
CA:PVPX blends showed three degradation phases instead of
two, confirming the structural changes induced by the addition
of PVP.

At low PVP content (PVA-CA:PVP0.25), Tonset increases to
201.43 °C, Tmax1 is 230.04 °C, Tmax2 is 425.54 °C, and the new
Tmax3 appears at 445.63 °C. The slight increase in Tonset
confirms that the introduction of PVP increases early-stage
thermal stability, while Tmax3 indicates the progressive
degradation of the semi-IPN structure, preventing rapid degra-
dation of the material.**** In addition, the increased amor-
phous phase in this composition improves flexibility and stress
distribution, preserving membrane stability without compro-
mising thermal resistance.”” This composition also exhibits
optimal oxidative stability (85%), as PVP improves resistance to
oxidative radicals while maintaining a structurally robust
network. The retention of PVP within the cross-linked structure,
as confirmed by minimal weight loss in Soxhlet extraction tests,
further supports these thermal improvements.

Thermal stability trends weaken above a PVP content of
0.25 wt%, with Tonset fluctuating and Tmax2 progressively
declining. This suggests that excess PVP disrupts rather than
strengthens the semi-IPN structure. In fact, the polymer matrix
becomes more amorphous at higher PVP concentrations,
resulting in weaker interactions between polymers and
a decrease in intermolecular cohesion, thus accelerating
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polymer degradation.” For PVA-CA:PVP0.5, Tonset is 201.76 °C,
Tmax1 increases to 234.37 °C, Tmax2 decreases to 418.48 °C
and Tmax3 appears at 447.74 °C. Increasing PVP content leads
to polymer phase separation, reducing high-temperature
stability and network homogeneity, even though PVP initially
increases early-stage thermal resistance.**** A comparable
pattern can be observed in PVA-CA:PVP0.75, where Tonset
increases to 206.25 °C, Tmax1 reaches 235.34 °C, while Tmax2
falls even lower to 423.35 °C, and Tmax3 rises to 439.54 °C.
These results are consistent with oxidative stability trends,
which show that increasing membrane porosity due to excessive
PVP inclusion leads to a decrease in oxidative durability.

At even higher PVP concentrations (PVA-CA:PVP1 and PVA-
CA:PVP1.5), thermal stability further declines, confirming that
excessive PVP weakens polymer cohesion. For PVA-CA:PVP1,
Tonset decreases slightly to 204.17 °C, Tmax1 reaches its
highest value at 238.03 °C, but Tmax2 significantly drops to
408.54 °C, with Tmax3 at 433.56 °C. According to this peak shift,
PVP increases initial thermal resistance, but as it contains
weakly bonded PVP chains, it accelerates backbone disintegra-
tion at higher temperatures.” Similar to this, PVA-CA:PVP1.5
shows a somewhat higher Tonset of 207.16 °C, with Tmax1 at
235.93 °C and Tmax2 at 423.77 °C. However, the phase insta-
bility still exists because excessive PVP compromises the semi-
IPN's structural integrity. The decrease in Tmax2 implies that
weaker polymer domains produced by unbound PVP are more
likely to degrade prematurely.?»**°® This behavior is consistent
with oxidative stability results, where PVP concentrations above
0.25 lead to reduced oxidative resistance (60%), increased
polymer leaching (Soxhlet extraction), and increased vulnera-
bility to oxidative and thermal degradation.

Overall, the effects of polymer composition, cross-linking,
semi-IPN formation, and KOH post-treatment on thermal
stability are demonstrated by TGA and DTG data. By reducing
crystallinity, the incorporation of PVP initially improves flexi-
bility and stress distribution; however, excessive amounts of
amorphous material reduce thermal resistance. Due to its
stable semi-IPN structure, PVA-CA:PVP0.25 achieves the
optimum balance between thermal and oxidative stability.
Although KOH treatment improves ionic functions, phase
separation weakens polymer cohesion and accelerates degra-
dation at high PVP concentrations. These results demonstrate
that, while high PVP concentrations are detrimental to long-
term stability in electrochemical media, moderate PVP
concentrations improve thermal performance.

4.10 Tensile analysis

The overall performance of ISMs, their processability and
durability in AWE are all strongly influenced by their mechan-
ical characteristics. Stiffness, tensile strength and ductility must
be balanced to avoid mechanical deterioration, creep or rupture
during use.®® Whereas too much flexibility can lead to
dimensional instability and swelling, ultimately reducing
conductivity and performance, too much stiffness can induce
brittleness and fracture.®**® These characteristics are strongly
influenced by the creation of semi-IPN and by post-processing

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


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra06171g

Open Access Article. Published on 29 October 2025. Downloaded on 3/11/2026 1:37:55 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

procedures, notably thermal curing and KOH doping, which
reinforce polymer cohesion, maximize cross-linking density
and control swelling.

The evolution of Young's modulus across the membrane
compositions shows how cross-linking, semi-IPN creation, KOH
treatment and the switch from a PVA-rich to a PVP-rich struc-
ture affect membrane stiffness (Fig. 13). Neat PVA exhibits
moderate stiffness (807.96 MPa), which is mainly due to the
strong hydrogen bonds between the hydroxyl groups that allow
a certain degree of chain mobility mainly due to the post-
treatment, as previously explained.®*® Young's modulus
increases by 105% when citric acid (PVA-CA:PVPO0) is used for
crosslinking, as ester bonds strengthen the network by limiting
molecular mobility.**”® In fact, by encouraging more cross-
linking interactions and inducing partial deacetylation,
thermal curing and alkaline treatment strengthen interactions
between polymers, thereby increasing rigidity.**”® This is in
agreement with SEM images, which reveal a more compact and
dense structure after crosslinking. However, Young's modulus
slightly decreases by 23% when PVP is added at 0.25 wt% (PVA-
CA:PVP0.25), while SEM images reveal a modest increase in
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porosity and surface roughness, indicating the plasticizing
impact of PVP. By physically trapping PVP within the PVA-CA
network and balancing rigidity and flexibility, PVP's hydro-
philic lactam groups break the dense hydrogen-bonded struc-
ture of PVA, ensuring the creation of a stable semi-IPN.***
When the PVP content exceeds this threshold, the membranes
transition from a PVA-rich to a PVP-rich system, resulting in
phase separation and weaker network interactions, thus
initially reducing Young's modulus (PVA-CA:PVP0.5: 1038.12
MPa).>*** Nevertheless, Young's modulus increases again (to
1425 MPa) with higher PVP contents (PVA-CA:PVP0.75 to PVA-
CA:PVP1.5), indicating that excess PVP begins to create its
own interpolymer network, adding rigidity while decreasing
overall homogeneity.>*** This is consistent with SEM data,
which show that at higher concentrations of PVP, morphology
reverts to a denser, more uniform appearance.

The tensile strength of membranes provides information on
interchain interactions and polymer adhesion, as well as the
ability of the network to tolerate stress before failure. Due to
strong hydrogen bonding between hydroxyl groups and tight
molecular packing, neat PVA has a high tensile strength of
54.14 MPa.*>* The latter increases by around 7% after cross-
linking with citric acid (PVA-CA:PVP0), as the rigid cross-
linked structure improves load-bearing capacity by limiting
polymer chain mobility.’*”® Furthermore, during partial ester
hydrolysis, KOH doping adds carboxylate groups (-COO™),
which alters the polymer matrix by reducing the polymer-
polymer interactions, leading to mechanical weakness in
subsequent compositions.**”® The introduction of PVP at
0.25 wt% (PVA-CA:PVP0.25) results in a tensile strength drop to
29.88 MPa, as semi-IPN formation disrupts chain packing,
reducing the force required for failure.**** This effect becomes
more pronounced as PVP content increases, leading to a further
decline in tensile strength (PVA-CA:PVP0.5: 19.04 MPa, PVA-
CA:PVP1.5: 18.36 MPa). In fact, excess PVP weakens inter-
polymer cohesion and disrupts matrix homogeneity by causing
phase separation. When transitioning from PVA-rich to a PVP-
rich membrane, weakly bonded PVP domains with low inter-
chain reinforcement are formed, increasing polymer heteroge-
neity and decreasing tensile strength.”

The findings of the strain at break demonstrate the
membranes' elongation and flexibility capacity. Neat PVA has
a relatively high strain at break (342.73%), demonstrating its
inherent flexibility, which results from strong but dynamic
hydrogen bonding, thus enabling polymer chains to stretch
widely before breaking.®®® Citric acid crosslinking (PVA-
CA:PVPO) reduces strain at break to 298.23% because the crea-
tion of a stiff three-dimensional network limits the mobility of
the polymer. KOH doping further stabilizes the network by
reinforcing the structure through partial deacetylation and
additional crosslinking, but at the same time, it slightly limits
chain elongation due to the increased rigidity of the polymer
matrix.>*”® At PVA-CA:PVP0.25, strain at break increases signif-
icantly to 412.81%, marking the formation of a semi-IPN, where
PVP's plasticizing effect enhances flexibility by disrupting
interpolymer interactions, allowing greater elongation before
rupture.” However, ductility drastically decreases beyond

RSC Adv, 2025, 15, 40823-40845 | 40841


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra06171g

Open Access Article. Published on 29 October 2025. Downloaded on 3/11/2026 1:37:55 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

0.25 wt% PVP (PVA-CA:PVP0.5: 147.97%, PVA-CA:PVP1.5:
15.44%), indicating that excess PVP compromises network
cohesion, decreased flexibility, and increased brittleness. The
transition from a PVA-rich to a PVP-rich structure results in
phase-separated microdomains, which weaken the matrix and
disrupt the uniform distribution of stress, accelerating failure
under tensile load.**** These results show that although PVP
improves ductility at low concentrations, over-incorporation
compromises network integrity and increases the membranes’
susceptibility to mechanical failure under tensile stress.
Overall, these mechanical trends align with SEM observa-
tions, confirming that a moderate PVP concentration (PVA-
CA:PVP0.25) optimally balances mechanical strength and flexi-
bility, making it the most mechanically robust and durable
composition for ion-exchange membranes in AWE.

5 Conclusion

This study successfully developed a novel semi-IPN membrane
for AWE by combining PVA cross-linked with citric acid and
physically entangled with PVP. The manufacturing process
included solvent casting, thermal curing at 130 °C to strengthen
the crosslinking, and KOH doping to improve the hydroxide ion
conductivity and the overall membrane performance. The semi-
IPN structure effectively preserved the integrity of the polymer
matrix while optimizing entanglement to enhance mechanical
strength, water retention, and ion transport. The results high-
lighted that careful tuning of PVP concentration was crucial to
achieve a balance between polymer entanglement and struc-
tural stability, avoiding issues such as excessive phase separa-
tion and increased swelling, while also ensuring good ionic
conductivity for high performance in AWE.

Among the various formulations tested, the PVA-CA:PVP0.25
membrane exhibited the best combination of structural integ-
rity, ionic conductivity, and chemical stability. Thermal curing
at 130 °C enhanced the polymer network, improving the dura-
bility of the membrane with a rigidity of 1270 MPa and
a ductility of 413%. This membrane achieved a water uptake of
193.96%, ensuring a balance between preventing excessive
swelling and maintaining adequate hydration for effective ion
conduction. KOH doping enhanced the ionic conductivity (6.56
mS cm~' at room temperature) by introducing carboxylate
functional groups (-COO™), which further improved the
mobility of hydroxide ions. The membrane demonstrated long-
term stability by maintaining structural durability for more
than three months under alkaline conditions, while oxidative
stability tests showed a 90.9% mass retention after eight hours.
Additionally, its enhanced thermal stability ensures reliable
performance under elevated electrochemical operating
temperatures.

Overall, these findings demonstrate the effectiveness of the
semi-IPN approach in developing durable, high-performance
ISM for alkaline environments. The optimized membrane
combines superior mechanical properties and ion conduction
with a scalable fabrication process, supporting its potential use
in AWE. The results pave the way for future advancements in
membrane design by emphasizing the importance of post-
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processing methods, doping strategies, and polymer network
architecture in enhancing the stability and performance of ISMs
for large-scale hydrogen production. This study focuses on
membrane-level characterization under alkaline conditions,
and future work will integrate these membranes into full-cell
alkaline electrolyzer systems to evaluate performance and
durability under practical operating conditions.
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