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1. Introduction

The impact of double crosslinking and alkaline
activation strategies on the multifaceted
characteristics of quaternized poly(vinyl alcohol)
anion exchange membranes

Wei Keat Ng, @22 Chun Yik Wong,” Nur Adiera Hanna Rosli,
Kiranraj Vaiyanan Kannan,? Kee Shyuan Loh,” Bee Lin Chua® and Wai Yin Wong (2 *?

This study investigates the effects of crosslinking strategies and KOH activation on the multifaceted
characteristics of quaternized poly(vinyl alcohol) (QPVA) membranes for anion exchange membrane
(AEM) applications. In situ and combined in situ/ex situ crosslinking with glutaraldehyde were evaluated
at 5 M, 6 M, and 8 M KOH concentrations. Multifaceted characteristics on the membranes including
ionic conductivity, swelling degree, thermal and oxidative stability are studied. Four types of membranes:
M1 (in situ crosslinked, heated), M2 (in situ crosslinked, no heating), M1 2x (in situ, heated and
ex situ crosslinked), and M2 2x (in situ, no heating and ex situ crosslinked) were synthesized. The
M1 5 M KOH membrane (in situ crosslinked, heated activation) demonstrated the highest ionic
conductivity (40.93 mS cm™! before equilibrium, 33.41 mS cm™! after equilibrium) and moderate
oxidative stability (81.10%). Combined crosslinking and higher activation temperatures improved the
membrane stability and mechanical properties but reduced the oxidative stability owing to potential
alkaline attack on glutaraldehyde crosslinked groups. Oxidative stability is critical for AEMs because they
are exposed to reactive oxygen species (ROS) generated during fuel cell operation or electrolysis. Poor
oxidative stability can lead to degradation of the membrane, reducing its lifespan and overall
performance in these applications. The novelty of this work lies in the dual crosslinking strategy, which
significantly enhances the mechanical and thermal properties of QPVA membranes, while also
highlighting the impact of KOH activation on crystallinity and ion transport. This study emphasizes the
importance of optimizing crosslinking and activation conditions to develop high-performance QPVA
membranes for energy conversion and storage applications such as fuel cells and electrolyzers.

higher pH, AEMFCs have a less corrosive environment and
exhibit higher tolerance to affordable materials in cell compo-

Green hydrogen is viewed as the next-generation fuel source to
replace non-renewable fossil fuels. It offers great promise for
meeting the world’s energy demands, with nearly 94 million
tons of hydrogen produced in 2021, equivalent to about 2.5% of
global total energy consumption." Among various types of fuel
cells, alkaline exchange membrane fuel cells (AEMFCs) have
developed rapidly in recent years due to their advantages of
sharing most of the structural features of proton exchange
membrane fuel cells (PEMFCs). Additionally, operating at a
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nents, including bipolar plates, membranes, and catalysts.?

To facilitate reactions in AEMFCs, anion exchange mem-
branes (AEMs) are crucial for conducting anions (OH ) while
preventing corrosion and leakage issues associated with liquid
electrolytes.® To date, a wide range of cationic fixed charge groups
have been extensively studied, including quaternary ammonium,*”
quaternary phosphonium,®” quinuclidinium-based quaternary
ammonium,*® imidazolium,'®"" pyridinium,"”” and pentamethyl
guanidinium groups.”® Among these, AEMs with ammonium
groups exhibit higher thermal and chemical stability compared
to phosphonium or sulfonium groups."* However, the literature
indicates that phosphonium groups in AEMs are more susceptible
to free radical attacks by OH ™ ions than quaternary ammonium
groups. '’

In this work, poly(vinyl alcohol) (PVA) was selected as the
primary polymer due to its low cost, excellent mechanical

© 2025 The Author(s). Published by the Royal Society of Chemistry
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properties, solvent resistance, flexibility, good film-forming
ability, hydrophilicity, and abundant reactive functional groups
for facile crosslinking through irradiation and thermochemical
reactions.'®'” Notably, PVA’s high dielectric constant and glass
transition temperature are key advantages for fuel cell applica-
tions. Following early research on PVA for AEMs, Lewandowski
et al."® proposed using potassium hydroxide (KOH) and water
(H»O) as dopants to introduce functional ion sources for ion
diffusion. The addition of KOH to PVA resulted in the for-
mation of alcoholates, which contributed to the conductivity of
the solid electrolyte. Nevertheless, high conductivity alone is
insufficient for practical AEM applications. Parameters such as
electrochemical and dimensional stability are also essential
considerations. Subsequently, various researchers attempted
to quaternize PVA. The low quaternization degree of QPVA
often leading to low ionic conductivity has been addressed
through polymer blending or incorporating ion-conductive
fillers. Notably, reported hydroxide ion conductivities for
QPVA-based membranes range from 5 mS cm ' to a maximum
of approximately 50 mS ecm '.*'° Despite advancements in
ionic conductivity as reported by Samsudin et al,'® dimen-
sional swelling remains a significant challenge.

Zakaria et al.”° reported an ionic conductivity of 4.7 mS cm™
for a QPVA membrane. Polymer crosslinking is a common
technique for enhancing the mechanical performance of
polymer-based composites.”" It involves forming covalent bonds
between polymer chains, strengthening the polymer matrix.>?
Crosslink density, determined by the number of crosslinks,
influences the polymer network. Increasing the crosslink density
reduces the free volume, leading to improved thermal stability but
potentially hindering ion diffusion and reducing conductivity.”*
Liao et al. demonstrated this trade-off by achieving low ionic
conductivity after crosslinking QPVA/Q-chitosan with GA at 85 °C
using HCI as a catalyst for 3 hours. Optimizing crosslinking
conditions is crucial for balancing conductivity, electrochemical
stability, and dimensional stability. Recent advancements in PVA-
based and other anion exchange membranes highlight the
importance of tailored crosslinking strategies. For example, dual
crosslinked PVA membranes demonstrated excellent ion selectiv-
ity and mechanical stability, as reported by Mu et al.>* Similarly,
ionic liquid-grafted membranes incorporating long side-chain
N-heterocyclic cations were shown to exhibit superior ionic con-
ductivity and alkaline stability, making them highly suitable for
fuel cell applications.*® Furthermore, covalently crosslinked mem-
branes have been successfully applied in low-temperature ammo-
nia fuel cells, offering enhanced performance under operational
conditions.?®

In situ crosslinking is a technique where crosslinking occurs
during the polymer processing or membrane casting stage,
allowing the reaction to take place directly within the polymer
matrix. In situ crosslinking of PVA with glutaraldehyde (GA) is
well-studied, often involving acid catalysis.'®*” In the case of
PVA, in situ crosslinking with glutaraldehyde (GA) involves the
reaction of aldehyde groups in GA with hydroxyl groups in PVA
to form stable acetal linkages. This method is typically cata-
lyzed by acids to accelerate the reaction and achieve uniform
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crosslinking throughout the membrane. However, acid cataly-
sis can lead to degradation in alkaline environments, making it
unsuitable for applications like AEMs operating under high pH
conditions.?® To overcome this, our study employs an acid-free
in situ crosslinking approach, enabling better control over
reaction kinetics and ensuring membrane stability in alkaline
conditions. External crosslinking, where the membrane is
immersed in a crosslinking solution, offers advantages like
thinner membranes with improved properties.”® However, it
has not been applied to QPVA membranes to our knowledge.
To address these challenges, we combined in situ and ex situ
crosslinking while avoiding acid catalysis. Additionally, we
explored the effects of high KOH concentration activation on
conductivity and other properties.*°

The novelty of this study lies in the dual crosslinking
strategy, combining in situ and ex situ crosslinking methods,
which significantly enhances the mechanical properties and
thermal stability of QPVA membranes while maintaining high
ionic conductivity. Furthermore, the effect of high KOH concen-
tration activation on membrane crystallinity and ion transport
is investigated, a factor that has not been previously explored in
QPVA-based anion exchange membranes. This study aims to
investigate the impact of crosslinking strategies on QPVA-based
AEMs. We synthesized four types of membranes: M1 (in situ
crosslinked, heated), M2 (in situ crosslinked, no heating), M1 2x
(in situ, heated and ex situ crosslinked), and M2 2x (in situ, no
heating and ex situ crosslinked). We evaluated their ionic
conductivity, IEC, oxidative stability, and mechanical proper-
ties. The influence of different KOH concentrations on
membrane performance were also examined.

2. Experimental

2.1. Materials

Poly(vinyl alcohol) powder (PVA, 99.5% hydrolysed, M, =
85000-124 000 g mol ', Sigma-Aldrich, United States), glycidyl-
trimethylammonium chloride (GTMAC, >90%, Sigma-Aldrich,
United States), anhydrous ethanol (absolute for analysis
EMSURE®™ ACS, Sigma-Aldrich, United States), glutaraldehyde
(GA, 25% in H,O, Sigma-Aldrich, United States), potassium
chloride pellets (KOH, >85% ACS reagent, Sigma-Aldrich,
United States), hydrochloric acid fuming (HCl, 37% for analysis
EMSURE® ACS, Merck Millipore), and sodium hydroxide pel-
lets (NaOH, AR Grade, Macron Fine Chemicals, United States)
were used. For sample preparation and analytical testing, de-
ionised water was used throughout the experiment.

2.2. Preparation of quaternized poly(vinyl alcohol)

Prior to QPVA preparation, PVA solution was first prepared by
dissolving PVA resin in deionized (DI) water at 90 °C for
approximately 2 hours under vigorous stirring. Subsequently,
the solution temperature was reduced to 65 °C with continuous
stirring until a transparent solution was obtained. Next, appro-
priate amounts of GTMAC and KOH were added, and further
stirred for 4 hours until a homogeneous and colourless solution
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was obtained.”” Excess absolute ethanol was added to the
resulting solution for the formation of QPVA precipitates. The
yellow precipitates of QPVA were then dried in a vacuum oven
to remove both moisture and any residual ethanol. Finally, the
dried QPVA was dissolved in DI water at 90 °C until a transpar-
ent solution was obtained.

2.3. Preparation of quaternized poly(vinyl alcohol)
membranes

Crosslinked QPVA membranes were prepared by incorporating
20 vol% glutaraldehyde (GA) into 7 wt% QPVA solution in DI
water, which was stirred until a homogeneous mixture was
achieved. This process initiated covalent bond formation
between the polymer chains. The resulting solution was cast
onto Petri dishes, dried at 60 °C for three days, and then cured
in two steps: at 80 °C for 2 hours, followed by 100 °C for 1 hour.
The membranes were then activated with high-concentration
KOH at either 60 °C (M1) or room temperature (28 °C) (M2) for
24 hours.?” For the combined crosslinking process, the M1 and
M2 membranes were further immersed in a GA solution
(1:10 GA) at room temperature for 2 hours, resulting in the
M1 2x and M2 2x membranes, respectively. After activation, the
KOH concentration was equilibrated to 1 M before conducting
analyses.

In the case of the M1 membranes, the higher activation
temperature of 60 °C enhanced the mobility of the polymer
chains, facilitating more effective interactions between the PVA
hydroxyl groups and GA. This led to a denser and more
homogeneous crosslinked network. The thermal energy pro-
vided during the 60 °C activation step promoted a higher
crosslink density, which contributed to improved mechanical
stability and a more rigid membrane structure. In contrast, the
M2 membranes, activated at room temperature, exhibited a
less efficient crosslinking network. The lower temperature
restricted the mobility of the polymer chains, reducing the
interaction between the crosslinking agent (GA) and the PVA
matrix. As a result, the M2 membranes displayed a lower
crosslink density, leading to a more irregular and less stable
polymer structure. These structural differences are depicted in
Fig. 1, where the M1 membranes show a smoother and more
uniform crosslinked pattern, while the M2 membranes exhibit
irregularities and micro-defects due to insufficient crosslink-
ing. Fig. 1 also outlines the entire preparation and crosslinking
process for QPVA membranes, including the mechanisms of
quaternization and crosslinking.

2.4. Characterisation of quaternised poly(vinyl alcohol)
membranes

Successive quaternization was analyzed using Fourier-
transform infrared (FTIR) spectroscopy (Spectrum 100 FT-IR
Spectrometer, PerkinElmer, USA) in attenuated total reflectance
(ATR) mode, with a wavelength range of 4000-650 cm . The
crystalline properties of QPVA membranes were evaluated
through X-ray diffraction (XRD) patterns (Bruker D-8 advanced
X-ray diffractometer) using nickel-filtered CuKo radiation,

scanning from 5° to 80° at a rate of 0.025° s '. The
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microstructures of the membranes were observed by scanning
electron microscopy (SEM) (Carl Zeiss LEO 1450VP, Germany)
after freeze-fracturing and gold sputtering. Thermal stability of
QPVA membranes was determined using thermogravimetric
analysis (TGA) (TGA 8000, Pyris 1 TGA, PerkinElmer, USA)
under a nitrogen (N,) atmosphere, heating from 35 °C to
600 °C at 10 °C min '. Prior to TGA measurements, the
membranes were dried in a vacuum oven at 90 °C for 24 hours
to remove residual moisture, given the hygroscopic nature of
PVA.>" Dynamic mechanical analysis (DMA) (DMA Q800, Perki-
nElmer, USA) were performed in a temperature sweep mode,
where the samples were subjected to a heating rate of
10 °C min~ ' from 25 °C to 200 °C to monitor the changes in
the storage modulus (G’) and tand. The frequency was set at
1 Hz, and the applied strain was kept low enough to remain
within the material’s linear viscoelastic region.>?

The membrane samples were dried at 70 °C for 6 h to
achieve a constant weight. The weight the dry membranes were
recorded. The dried samples were then immersed in DI water
for 12 hours under ambient conditions. Then, the samples were
taken out, the excess water on the surface was removed with
tissue paper, and the weight of the wet membrane was imme-
diately measured.’®> The water uptake was calculated using

eqn (1).
cht - Wdry

Water uptake =
Wdry

(1)
where Wy, is the weight of the membrane after being
immersed into DI water; Wy, is the weight of the membrane
in the dry state.

The swelling degree was measured to assess membrane
dimensional stability, crucial for evaluating structural integrity
during operation. A higher swelling degree indicates greater
deformation. It was calculated as the difference in membrane
length before and after immersion in KOH, according to eqn (2):

Swelling degree = Iyt = lary ()
ldry
where [y is the length of membrane after being immersed into
KOH; lyyy is the length of membrane in the dry state.

Ion exchange capacity (IEC) was determined through acid-
base titration. Dried membranes were equilibrated in 1.0 M
KOH solution for 24 hours, followed by immersion in 0.1 M HCI
for 24 hours. The solution was titrated with 0.1 M NaOH using
phenolphthalein as an indicator. IEC values were calculated
using eqn (3):

~ Cua X (Volank — VNaon)

IEC (mequivg™') = W (3)
ry

where Cyc is the concentration of HCIl, Vianik is the volume
of NaOH used to titrate a blank solution of HCl (40 mL)
without the presence of immersed membrane, Vy,on is the
volume of titrated NaOH solution and Wy, is the weight of dry
membrane.

Hydration number (1) was measured to quantify the amount
of water adsorbed per unit volume of the membrane by

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Crosslinking and KOH activation of QPVA
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Fig. 1 Schematic representation of the synthesis and crosslinking process for QPVA membranes, including: (a) an overview of the preparation steps;
(b) the quaternization scheme of poly(vinyl alcohol) (PVA) using glycidyltrimethylammonium chloride (GTMAC); and (c) the chemical scheme of

quaternized QPVA crosslinking.

) capacity with the ion

normalizing the water uptake (Wu
4 ] values were calculated using

exchange capacity (IEC) values.?
eqn (4):

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

The molecular weight of water, 18.01 ¢ mol *, was used in this
context.

The oxidative stability of the membranes was investigated
by measuring the residual weight percentage of each after
Fenton’s reagent treatment. The membranes with size of

2.5 x 2.5 cm? were dried in an oven at 60 °C for 24 hours.
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The weight of the dry membrane was measured. The completely
dried membranes were immersed in Fenton’s reagent solution
(3 wt% H,0,, 3 ppm Fe>* of FeSO,) (50 mL) for 24 hours. The
membranes were then taken out from the solution and were
wiped with tissue paper to remove excess moisture. Then, the
membranes were dried in an oven at 60 °C for 24 hours and the
weight of the dried membranes were measured. The oxidative
stability (%) was calculated using eqn (5).

Winitial — Wiinal

Oxidative stability = x 100% (5)

initial
where Wipitia is the weight of dried membranes before treat-
ment, and W, is the weight of dried membranes after
treatment.

Membrane conductivity was measured using AC impedance
spectroscopy with a two-probe electrochemical analyzer. Prior
to testing, membranes were equilibrated in 1 M KOH solution
for 24 hours at room temperature. Impedance spectra were
collected over a frequency range of 0.1 Hz to 1 MHz with a
0.01 V oscillating voltage. Membrane ionic conductivity (1) was
calculated from impedance data using eqn (6).

L=

A X Ry (©)

where /. is the conductivity, S em™"; ¢ is the thickness of the

blended composite membrane, cm; A is the area of the blended

View Article Online
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composite membrane covered by the measurement cell, cm?;
and R is the electrolyte resistance, Q.

3. Results and discussion

3.1. Characterization of QPVA membranes

FTIR spectroscopy confirmed the successful grafting of
quaternary ammonium groups onto the PVA polymer chains.
Fig. 2 presents FTIR spectra for the various QPVA membranes.
Key absorption peaks at 3300 cm ' (O-H stretching),
2906 cm™ ' (C-H stretching), 1418 cm™ ' (CH, stretching), and
1088 cm™' (O-H stretching) are characteristic of the PVA
structure. The appearance of new peaks at 1331 cm ' and
836 cm ™! attributed to C-N stretching indicates successful
quaternization.*® Additionally, a peak at 2940 cm ™' associated
with the C-O-C group in the aldehyde suggests the presence of
GA.””® The intensified peak at 1109 cm ™" (C-O-C stretching)
indicates successful crosslinking with GA, involving the for-
mation of covalent bonds between PVA hydroxyl and GA
aldehyde groups, increasing crosslink density.>”

After KOH activation, the disappearance of the 1562 cm™
peak (N-H bending) and the emergence of a new peak at
1376 cm ™' (C-N stretching) were observed. The appearance of
the 1376 cm ™' peak is attributed to the formation of quaternary
ammonium groups, which are introduced during the quaterni-
zation process. These groups contain C-N bonds, and the
C-N stretching vibrations are characteristic in the range

1
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Fig. 2 FT-IR spectra of QPVA membranes (a) M1, (b) M2, (c) M1 2x and (d) M2 2x samples.
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1300-1400 cm ™. The emergence of this peak signifies success-
ful quaternization, where PVA is modified to incorporate qua-
ternary ammonium cations, enhancing the membrane’s ion
exchange capacity and stability. The quaternary ammonium
groups formed are stable under alkaline conditions, contribut-
ing to improved ionic conductivity and thermal stability of the
membrane.*® The emergence of the 1376 cm™" peak signifies
the formation of a more ionically conductive membrane struc-
ture, directly contributing to improved ion exchange capacity
and stability in the membrane under alkaline conditions.
Similar findings by Gu et al.*° support this observation. These
changes contribute to improved ionic conductivity and thermal
stability.

XRD analysis was performed to observe the crystalline
structure of the QPVA membranes (as shown in Fig. 3). The
diffraction patterns showed a peak at around 26 of 19°, corres-
ponding to the formation of small KOH crystals on the QPVA
membrane surface. Additionally, for all samples, crystallinity
increased with higher KOH concentrations. The area under this
peak increased with higher KOH concentrations, indicating an
increase in crystallinity. The combined crosslinking approach
(M1 2x and M2 2x) led to a further increase in the peak area,
reflecting higher crystallinity compared to single-step cross-
linking methods. However, M2 and M2 2x samples showed
greater peak area and more pronounced KOH crystal formation
on the surface than M1 and M1 2x samples. A combined
crosslinking approach (M1 2x and M2 2x) further increased
crystallinity compared to single-step crosslinking methods.

~
&
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Excessive KOH crystallization on the membrane surface can
detrimentally affect overall performance. These KOH crystals
can block ion transport pathways, reducing ionic conductivity
and negatively impacting membrane efficiency. While the
formation of quaternary ammonium groups and the activation
of QPVA can enhance ion transport capabilities, excessive KOH
crystallization can hinder performance.*’

SEM images illustrating the morphologies of QPVA mem-
branes synthesized using different crosslinking techniques are
shown in Fig. 4. The membranes were subjected to varying KOH
solution concentrations (5 M, 6 M, and 8 M) and crosslinking
methods (in situ with heating, in situ without heating, and
combined crosslinking approach). M1 samples (in situ cross-
linked with 60 °C activation) exhibited a uniform and smooth
surface morphology across all KOH concentrations. This
smoothness can be attributed to the homogeneous distribution
of crosslinking agents within the polymer matrix, resulting in a
controlled and even crosslinking process. The surface robust-
ness of the QPVA membrane was maintained as the KOH
concentration increased from 5 M to 8 M, indicating effective
stabilization by the in situ crosslinking method even at higher
alkaline concentrations.

M2 samples also displayed a relatively smooth surface
morphology. However, minor irregularities and KOH crystals
were present, suggesting less efficient crosslinking compared to
60 °C activation. These irregularities became slightly more
pronounced with increasing KOH concentration, but the over-
all surface remained fairly uniform. While less effective than

(®)
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Fig. 3 XRD patterns of (a) M1, (b) M2, (c) M1 2x and (d) M2 2x samples under different KOH concentrations for activations.
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[ w1 2xsm I8

(a) SEM surface images (10kx magnification) and the cross-sectional images (500x magnification) of QPVA membranes subjected to in situ

crosslinking (M1) techniques and in situ crosslinking without heating (M2) with different KOH concentrations. (b) SEM surface images (10kx magnification)
and the cross-sectional images (500 x magnification) of QPVA membranes subjected to combined crosslinking techniques (M1 2x) and external—-external

crosslinking (M2 2x) with different KOH concentrations of activation.

higher temperature activation, room temperature activation
still maintained a reasonable degree of structural integrity.*"
M1 2x samples showed a change in morphology. At 5 M KOH,
the surface appeared relatively smooth, similar to M1 samples.
However, increased roughness and fibrous structures were
observed at 6 M and 8 M KOH concentrations. M2 2x samples
(in situ and ex situ crosslinking, room temperature activation)
exhibited more pronounced roughness compared to M1 2x
samples, especially at higher KOH concentrations. The
observed roughness and fibrous structures in M1 2x and M2
2x samples suggest increased crosslink density and potential
improvements in mechanical properties.*?

SEM observations confirmed the presence of KOH crystals as
surface defects that can hinder efficient ion transport. While
higher KOH concentrations and combined crosslinking meth-
ods enhance ion transport capabilities in QPVA membranes,
optimizing KOH concentration to prevent excessive crystal-
lization is crucial for overall membrane performance.

The thermal stability and decomposition behavior of QPVA
membranes were assessed using thermogravimetric analysis
(TGA). TGA curves (Fig. 5) revealed distinct weight loss stages
depending on the crosslinking method and KOH concen-
tration. The TGA results revealed only a 5-10 °C difference in
onset temperatures between the crosslinked samples, indicat-
ing minimal variation in thermal stability. This can be attrib-
uted to the consistent crosslinking chemistry across all
samples, as glutaraldehyde (GA) was used as the crosslinking
agent in each case. The similar crosslinking mechanism and
network structure limit the impact of crosslink density on
the thermal decomposition behavior. Additionally, the KOH

406 | Energy Adv, 2025, 4, 400-413

activation process may have introduced similar conditions for
thermal degradation, further contributing to the small differ-
ences in onset temperature. As a result, while crosslinking
improves stability, the overall thermal degradation mechanism
remains largely uniform, leading to only slight variations in
thermal stability between the samples.

Initial weight loss below 120 °C, attributed to unbound and
bound water loss, is typical for hydrated membranes.** A
significant weight loss occurs between 250 and 400 °C, corres-
ponding to the thermal decomposition of the PVA backbone
and the elimination of hydroxyl (OH) and amine (NH) groups of
QPVA. This indicates the thermal stability of the crosslinked
network. High-temperature decomposition between 450 and
550 °C is associated with the decomposition of residual carbo-
naceous materials. M1 samples exhibited higher thermal sta-
bility than unactivated samples, likely due to a more stable
crosslinked structure. For M1 samples (5 M, 6 M, and 8§ M
KOH), the first onset temperature (T,nser;) Was consistently
215 °C. The second major weight loss (Tonser2), corresponding
to 60% weight loss, occurred at 405 °C. Char content at 600 °C
increased from 5.87% (unactivated M1) to 13.28%, 10.94%, and
9.53% for 5 M, 6 M, and 8 M KOH, respectively. M2 samples
showed lower thermal stability than M1 samples, suggesting
less effective crosslinking. For M2 samples (5 M, 6 M, and 8 M
KOH), Tonser1 Was 205 °C, while Topgern (60% weight loss)
occurred at 407 °C.

Combined crosslinking significantly enhanced thermal sta-
bility, particularly at higher activation temperatures. For M1 2x
samples (5 M, 6 M, and 8 M KOH), To,set1 Was 215 °C, with 60%
weight loss occurring at 386 °C (Tonserz)- Char content at 600 °C

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 TGA curves of (a) M1, (b) M2, (c) M1 2x and (d) M2 2x for comparison of unactivated and different KOH concentration of activation.

increased from 7.43% (unactivated M1 2x) to 14.70%, 11.14%,
and 11.14% for 5 M, 6 M, and 8 M KOH, respectively. M2 2x
samples showed improved stability over M2 but were less stable
than M1 2x samples. For M2 2x samples (5 M, 6 M, and 8 M
KOH), Tonset1 Was 205 °C, with Topsera (56% weight loss) occur-
ring at 405 °C.

Char content (remaining mass at 600 °C) provides insights
into residual stability and carbon content. A higher char con-
tent generally indicates better thermal stability and higher
crosslink density. Unactivated membranes showed low char
content (5.87% for M1, 5.90% for M2). Activation significantly
increased char content, peaking at 13.28% for 5 M KOH-
activated M1 and 18.98% for 5 M KOH-activated M2. Combined
crosslinking further improved the char content, with some
variation depending on the KOH concentration and activation
temperature. Higher activation temperatures (60 °C) promote
more efficient crosslinking, leading to enhanced thermal sta-
bility. This condition is in agreement with the result reported
by Zakaria and Kamarudin,** where the increase in thermal
stability can be due to the strong interactions between the
crosslinked polymer network and the QPVA matrix. This strong
interaction expressed the enhancement in rigidity of macro-
molecular chains and resulted in more energy required for the
movement of the polymeric chains, as reported by Liu et al.*®
Lower activation temperatures result in less effective cross-
linking and lower stability.”* A combined crosslinking
approach, especially at higher activation temperatures, further

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

enhances stability, highlighting the importance of optimizing
crosslinking conditions.

The viscoelastic properties of QPVA membranes were eval-
uated using dynamic mechanical analysis (DMA). The storage
modulus and tan delta of the unactivated and activated mem-
branes are presented in Fig. 6. The storage modulus, E’ of the
M1/M2 QPVA membranes remains below 4.02 x 10’ Pa, lower
mechanical stability compared to the double crosslinked
membrane. This is likely due to the less efficient crosslinking
network formed and lower thermal stability, as observed in the
TGA results. According to Lee et al,"” this lower mechanical
stability can be linked to the less efficient crosslinking network
formed. The double crosslinked QPVA membranes (M1 2x or
M2 2x) show a significant improvement in storage modulus due
to the two-step crosslinking approach. The storage modulus
increases from approximately 4.02 x 10’ Pa to 5.64 x 10’ Pa,
indicating enhanced rigidity of the QPVA polymer. This
increase can be attributed to the additional crosslinking step,
which provides a more robust and stable network structure.

The glass transition temperature (T,) was determined from
the tan § peaks in the DMA curves. For the unactivated QPVA
membranes (M1/M2), T, is observed at 76 °C, while for the
double crosslinked QPVA membranes (M1 2x/M2 2x), Ty
decreases to 62 °C. This decrease in T, for the double cross-
linked membranes suggests increased segmental mobility due
to the introduction of additional crosslinks, which may result
in a more flexible polymer network. However, the overall

Energy Adv, 2025, 4, 400-413 | 407
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Fig. 6 DMA curve (a) M1/M2 (unactivated) and (b) M1 2x/M2 2x (unactivated) QPVA membranes.

rigidity and mechanical stability are enhanced due to the
increased crosslink density, as reflected in the higher storage
modulus.

Besides this, the strong drop in the storage modulus around
140 °C corresponds to the melting point of the QPVA
membrane, indicating the transition from a solid to a viscous
state. The tan é curve for double crosslinked membranes shows
a lower peak compared to unactivated membranes, reflecting a
more stable crosslinked structure with lower damping charac-
teristics. Furthermore, the tan delta curve for the double-
crosslinked membranes exhibited a lower peak than the unac-
tivated membranes, suggesting a more stable crosslinked
structure with reduced damping characteristics. This is reflec-
tive of better mechanical stability and less energy dissipation
during deformation. The humps after 100 °C indicate localized
crystallization or phase separation between the amorphous and
crystalline regions of the QPVA membrane. As the degree of
crosslinking increases, these localized transitions become
more pronounced, which is reflected in the multiple humps
observed in the tand curve. Additional peaks or humps corre-
spond to secondary relaxations or transitions related to differ-
ent segments of the polymer network or interactions between
the crosslinked regions and unreacted polymer chains. In the
case of the double-crosslinked membranes (M1 2x or M2 2x),
the higher crosslink density could lead to multiple relaxation
processes as different segments of the polymer network exhibit
varying degrees of mobility.

The DMA results correlate with the TGA findings, confirm-
ing that higher activation temperatures (60 °C) lead to
enhanced crosslinking density and more thermally stable and
mechanically robust membranes. This is evidenced from the
higher decomposition temperatures and increased storage
modulus for the activated membranes. Conversely, lower acti-
vation temperatures (room temperature) result in less efficient
crosslinking, leading to membranes with lower decomposition
temperatures, storage modulus, and mechanical stability.

3.2. Electrochemical properties of QPVA membranes

The electrochemical properties of QPVA membranes, including
thickness, swelling degree, ionic conductivity, ion exchange
capacity (IEC), and oxidative stability, were evaluated (Fig. 7).

408 | Energy Adv., 2025, 4, 400-413

The following discussion correlates these properties with the
thermal and mechanical analyses, providing a comprehensive
understanding of QPVA membrane performance under differ-
ent crosslinking and activation conditions. Swelling degree,
indicating the membrane’s water absorption ability, is inversely
related to crosslinking density. According to Aladejana et al.,*®
the swelling of QPVA is reduced due to the formation of
macromolecular crosslinking between PVA and glutaraldehyde.
This crosslinking increases the density of the network, result-
ing in lower swelling degrees and higher mechanical stability.
M1 samples generally exhibit lower swelling degrees than M2
samples (e.g., M1 5 M KOH: 14.39%, M2 5 M KOH: 15.63%).
Combined crosslinking (M1 2x and M2 2x) further reduces
swelling, reflecting a denser network. This aligns with the
increased storage modulus and reduced tan delta values
observed in DMA, indicating enhanced stability.

Ionic conductivity is crucial for membrane performance. It
varies significantly with the crosslinking method, KOH concen-
tration, and equilibrium conditions in 1 M KOH, simulating
AEMFC operation. M1 5 M KOH shows high ionic conductivity
(40.93 mS cm ™' before equilibrium, 33.41 mS cm ™' after),
indicating effective ion transport due to the stable crosslinked
network. Other samples show varying ionic conductivity; M2
samples show lower ionic conductivity than M1 samples due to
room temperature activation. Combined crosslinking shows
mixed results, with some samples improving ionic conductivity
after equilibrium. The variation before and after equilibrium
highlights the importance of equilibrium conditions for evalu-
ating their performance. High KOH concentration enhances
ion transport properties due to strong chemical interactions
(hydrogen bonding and induction forces) between KOH and
QPVA.27’30’49

The water uptake (WU) reveals critical insights into the
structural and functional characteristics of the QPVA mem-
branes. A higher WU corresponds to greater water absorption,
which directly correlates to ion conductivity.>® For the M1 and
M1 2x membranes, WU values of 48.8% and 29.4%, respec-
tively, at 5 M KOH, demonstrate the impact of crosslinking
density on water retention. The hydration number (1), derived
from WU and IEC, signifies the association of water molecules
with ion exchange sites in the membrane.” For M1, the A

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Oxidative stability and IEC values for M2 and M2 2x membranes at different KOH molarities. (€) Water uptake and hydration number for M1 and M1 2x
membranes at different KOH molarities. (f) Water uptake and hydration number for M2 and M2 2x membranes at different KOH molarities.

values at 5 M, 6 M, and 8 M KOH are 6.68, 6.09, and 4.08,
respectively, reflecting the influence of crosslinking and activa-
tion on water retention. In contrast, M2 exhibits consistently
lower A values of 5.87, 5.79, and 5.21 under the same condi-
tions, underscoring the less efficient crosslinking achieved at
room temperature activation. Dual crosslinked membranes
(M1 2x and M2 2x) show reduced WU and . across all KOH
concentrations due to the denser polymer network formed
during the combined crosslinking process. The balance
between WU and 4 is critical for optimizing membrane perfor-
mance. Although high hydration supports ionic transport,
excessive water uptake can dilute charge carriers, reducing

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

conductivity. In the dual crosslinked membranes, the reduced
A indicates tighter water binding, potentially stabilizing ionic
transport while maintaining mechanical integrity. These find-
ings suggest that the combined crosslinking process in M1 5 M
KOH membranes effectively balances hydration and structural
stability, leading to improved performance in anion exchange
membrane applications.

While the quaternary ammonium groups formed in the
membranes are generally stable under alkaline conditions,
degradation can occur at high alkaline doping levels or elevated
temperatures. This is primarily due to the susceptibility of
certain bonds within the polymer network, such as C-O-C

Energy Adv,, 2025, 4, 400-413 | 409
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Fig. 8 Hofmann elimination and Sy2 substitution mechanism in QPVA
membranes.

bonds, to nucleophilic attack. Under these extreme conditions,
degradation mechanisms like Hofmann elimination and Sy2
substitution may take place, as illustrated in Fig. 8, leading to
the breakdown of the polymer structure and a reduction in
ionic conductivity and mechanical stability.”> These mechan-
isms involve the breakdown of the polymer structure through
various pathways, including the elimination of quaternary
ammonium groups, formation of reactive intermediates, and
nucleophilic substitution. This degradation results in reduced
ionic conductivity and mechanical stability of the membranes.
The presence of a hydroxyl group in the B-position of the
quaternary ammonium salt side chain can further exacerbate
the degradation of the polymer. This hydroxyl group, being an
electron-withdrawing group, makes the p-carbon more suscep-
tible to nucleophilic attack by hydroxide ions, thereby increas-
ing the likelihood of degradation through pathways such as
Hoffman Elimination and Sy2 substitution. These degradation
mechanisms involve the breakdown of the polymer structure,
particularly through the elimination of quaternary ammonium
groups, the formation of reactive intermediates, and subse-
quent nucleophilic substitutions. However, it is important to

410 | Energy Adv, 2025, 4, 400-413
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note that this alkaline degradation is only one possible degra-
dation pathway and does not necessarily occur under all
operating conditions. The observed ionic conductivity and
stability of M1 5 M KOH, even after equilibrium in 1 M KOH,
suggest that the crosslinking strategy mitigates these degrada-
tion pathways under moderate conditions. Further optimiza-
tion of the crosslinking density and membrane composition
could enhance resistance to such degradation mechanisms,
ensuring long-term performance in alkaline environments.

IEC reflects the membrane’s ion exchange ability. M1 sam-
ples typically exhibit higher IEC values than M2 samples (e.g.,
M1 5 M KOH: 4.055 mequiv g ', M2 5 M KOH: 3.672 mequiv g '),
suggesting higher activation temperatures facilitate a more efficient
ion-exchange network. Combined crosslinking shows mixed IEC
trends, with excessive crosslinking potentially hindering ion
exchange (M1 2x 6 M KOH: 1.857 mequiv g ).

Oxidative stability is the membrane’s resistance to degrada-
tion under oxidative conditions. It is a critical parameter for
AEMs because during operations like fuel cells and water
electrolysis, reactive oxygen species (ROS), such as hydroxyl
radicals (*OH) and hydrogen peroxide (H,0,), are formed as
byproducts. These ROS can degrade the polymer backbone or
functional groups within the membrane, compromising its ion
transport properties, mechanical integrity, and overall durabil-
ity. High oxidative stability ensures that the membrane main-
tains its performance and extends the operational lifespan of
the fuel cell or electrolyzer system. M1 samples show higher
oxidative stability than M2 samples, indicating higher activa-
tion temperatures enhance resilience. The oxidative stability of
the QPVA membranes was investigated by measuring the
residual weight percentage of each after treatment with
Fenton’s reagent. This assessment revealed distinct variations
in oxidative stability across different crosslinking methods and
KOH concentrations. M1 samples exhibited increased oxidative
stability with higher KOH concentrations: 81.10% for M1 5 M
KOH, 95.50% for M1 6 M KOH, and 99.00% for M1 8§ M KOH.
This suggests that higher KOH concentrations enhance cross-
linking density, creating a stable polymer network that resists
oxidative degradation. In contrast, M2 samples, which were
in situ crosslinked without heating during activation, showed
lower oxidative stability: 94.78% for M2 5 M KOH, 89.55% for
M2 6 M KOH, and 83.48% for M2 8 M KOH. The absence of heat
during activation led to less efficient crosslinking and a less
robust polymer network. Double crosslinked samples showed
varied oxidative stability. M1 2x 5 M KOH had an oxidative
stability of 82.18%, decreasing to 79.28% for M1 2x 6 M KOH
and further to 69.52% for M1 2x 8 M KOH. Similarly, M2 2x 5 M
KOH had an oxidative stability of 79.05%, decreasing to 75.80%
for M2 2x 6 M KOH and 76.06% for M2 2x 8 M KOH.

Combined crosslinking generally lowers oxidative stability,
potentially attributed to two factors: (a) unreacted glutaralde-
hyde (GA) undergoing oxidation and forming carboxylic
acids, leading to polymer degradation and reduced ionic
conductivity,>® (b) alkaline attack at the C-O-C bond causing
bond scission. Oxidative stability was assessed using Fenton’s
reagent. M1 samples showed increased stability with higher

© 2025 The Author(s). Published by the Royal Society of Chemistry
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15 wt% GO: QPVA with 15 wt% of graphene oxide; QPVA/CS/MoS,-0.2: QPVA/
chitosan/0.2 wt% molybdenum disulfide nanosheets.

KOH concentrations, suggesting enhanced crosslinking density
resists degradation. M2 samples showed lower stability due to
less efficient crosslinking. Double crosslinked samples showed
varied stability, with unreacted GA contributing to reduced
stability. Carboxylate anions generated from carboxylic acids
can compete with hydroxide ions for active sites on the anion
exchange membrane (AEM), leading to reduced availability for
hydroxide ions and thus lower ionic conductivity.

The performance of the synthesized M1 5 M KOH
membrane was compared with those of other quaternized
PVA-based AEMs to evaluate its suitability for AEM applications
(as shown in Fig. 9). The key parameters considered were ionic
conductivity, ion exchange capacity (IEC), and swelling degree.
The M1 5 M KOH membrane exhibits an impressive ionic
conductivity of 33.41 mS cm ™', surpassing several other
QPVA-based AEMs such as QPVA/HDT (4.8 mS cm ')** and
PVA-PY-DL4.0 (2.5 mS cm ™ '),>* demonstrating its effectiveness
in ion transport. Although QPVA/PDDA/GA12.5 shows the high-
est ionic conductivity at 53.09 mS cm™','° the M1 5 M KOH
membrane’s performance remains notable. The IEC of the
M1 5 M KOH membrane is 4.05 mequiv g, significantly higher
than that of QPVA/PDDA/ZrO, (0.54 mequiv g ')°® and eQP-
PDDO0.5 (0.93 mequiv g '),”” highlighting its enhanced ion
exchange capabilities. The swelling degree of the M1 5 M
KOH membrane is 14.39%, which is favorable compared to
that of QPVA/PDDA1-GA (115%)® and eQP-PDDO.5 (9.4%).>” This
moderate swelling degree suggests balanced performance, ensur-
ing mechanical stability without significantly compromising ionic
conductivity. In summary, the M1 5 M KOH membrane demon-
strates a high ionic conductivity, excellent IEC, and a moderate
swelling degree, making it a well-balanced and effective material for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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AEM applications. These properties indicate that the M1 5 M KOH
membrane is superior in many aspects to other QPVA-based AEMs,
particularly in its ion exchange capacity and stability, which are
critical for the efficient operation of anion exchange membrane
fuel cells (AEMFCs).”

4. Conclusion

This study demonstrates that the choice of crosslinking tech-
niques and activation conditions significantly impacts the
structural and electrochemical properties of quaternized
poly(vinyl alcohol) (QPVA) membranes. Utilizing glutaralde-
hyde as a crosslinking agent, both in situ and combined cross-
linking approaches were systematically evaluated at varying
KOH concentrations (5 M, 6 M, and 8 M). The combined
crosslinking approach effectively suppressed membrane swel-
ling and enhanced mechanical stability, while the in situ
crosslinking at elevated temperature (60 °C) increased the
crosslink density and ionic conductivity. Notably, the M1
membrane activated with 5 M KOH demonstrated the highest
ionic conductivity (40.93 mS cm ' before equilibrium and
33.41 mS em™ " after equilibration in 1 M KOH), indicating its
suitability for anion exchange membrane applications. How-
ever, reduced oxidative stability in the double-crosslinked
membranes highlights the trade-off between the crosslinking
density and oxidative stability. Future research should focus on
the oxidative degradation caused by unreacted glutaraldehyde
and further optimizing the crosslinking density to enhance
both stability and conductivity. Investigating alternative cross-
linking agents or additives that improve oxidative stability
without compromising ionic transport could also provide valu-
able insights for next-generation anion exchange membranes.
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