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Abstract. Alkaline Polymer Electrolyte Fuel Cells (APEFCs) have emerged as a promising candidate for clean energy production. Anion exchange
membrane (AEM) is an essential element of alkaline polymer electrolyte fuel cells for its role in facilitating hydroxide ion conduction. The objective
of this study is to investigate the effect of a glutaraldehyde-based crosslinker solution on the performance of anion exchange membranes (AEMs)
fabricated using quaternary ammonium poly (vinyl alcohol) (QPVA) as the backbone polymer and polyquaternium-7 as the second polymer. The
introduction of a glutaraldehyde-based crosslinking agent was purposed to enhance membrane stability and reduce excessive swelling. The study
evaluates the impact of varying glutaraldehyde concentrations on membrane performance. FTIR analysis confirms the presence of key functional
groups of QPVA, polyquaternium-7, and the crosslinking agent. SEM images reveal that the membranes demonstrate dense and homogeneous
physical structure. The results show that water uptake, swelling degree, ion exchange capacity (IEC), and hydroxide conductivity are influenced by
the concentration of the glutaraldehyde solution. The QP-GA-13 AEM exhibited the best overall performance, achieving the highest tensile strength
of 31.1 MPa and the highest hydroxide ion conductivity of 4.15 mS cm™ at 70°C. In single-cell tests, this membrane delivered a maximum power
density of 85 mW c¢cm™ and a current density of 350 mA cm™ at 80°C under humidified oxygen conditions.
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1. Introduction which utilize proton-conducting membranes and acidic

environments, APEFCs operate in an alkaline environment and
rely on anion-conducting membranes. This difference offers
several advantages, including the potential to use non-precious
metal catalysts like nickel or silver, which can significantly

ffer f Limitati h as intermitt hich eapital cost reduce costs. Furthermore, APEFCs exhibit improved oxygen
sutter rom iimitations such as mtermittency, mgh capital costs, reduction reaction (ORR) kinetics in alkaline media, leading to

and storage challenges (J. Zhang, 2024). These drawbacks .
hinder their ability © istent] ¢ the d d f enhanced fuel cell performance and greater operational
incer their abliity to consistently meet the demand Ior & goyiniity (Tao et al., 2024; G. Zhao et al., 2021).

continuous and reliable energy supply. To overcome these
issues, alternative renewable energy solutions, including fuel
cells, have been explored to complement and enhance the
efficiency of conventional renewable energy systems (Al-
Shetwi, 2022).

Among the various fuel cell technologies, Alkaline Polymer
Electrolyte Fuel Cells (APEFCs) have emerged as a promising
candidate for clean energy production. Unlike the well-
established proton exchange membrane fuel cells (PEMFCs),

The growing need for sustainable and clean energy sources has
intensified research into renewable energy technologies. While
traditional renewable energy sources, such as solar, wind, and
hydropower, have garnered significant attention, they often

One of the key components of APEFCs is the Anion
Exchange Membrane (AEM), which plays a vital role in enabling
ion transport within the fuel cell. AEMs consist of a polymer
backbone that is functionalized with immobilized ionic groups,
typically quaternary ammonium, which serve as fixed positive
charges. These fixed charges are paired with mobile counter-
ions, typically hydroxide (OH") ions in APEFCs, which migrate
through the membrane during operation to facilitate
electrochemical reactions. The membrane must exhibit
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excellent ionic conductivity, chemical stability in an alkaline
environment, and adequate mechanical strength to maintain
fuel cell performance over time (Samsudin, Bodner, et al., 2022).

Various methods have been proposed for the preparation of
AEMs, each offering distinct advantages depending on the
intended application. These methods include solution casting
(Samsudin, Abdullah, et al., 2024), pore-filling (Son et al., 2020),
sol-gel techniques (Y. Wang et al., 2020), hot pressing (Daud et
al., 2021), radiation-induced graft polymerization (Y. Zhao et al.,
2020), and electrospinning (Samsudin, Roschger, et al., 2022).
Among these, solution casting is the most widely used due to its
simplicity, scalability, and the ability to produce homogeneous
membranes with well-controlled thickness (Samsudin, Bodner,
etal., 2022). In this technique, a polymer solution containing ion-
conducting groups is cast onto a substrate and allowed to
evaporate, forming a solid film. The solution casting method
offers advantages such as ease of processing, cost-effectiveness,
and suitability for large-scale production, making it an attractive
choice for AEM fabrication (Samsudin, Bodner, et al., 2022).

Many AEMs have been synthesized using quaternized
polymers with aromatic backbones, such as
poly(sulfone)(Mothupi & Msomi, 2023), poly(ether sulfone) (Du,
Huang, et al., 2022; Du, Li, et al., 2022), poly(ether ether ketone)
(Ayaz et al., 2022), and poly(2,6-dimethyl-1,4-phenylene oxide)
(Basso Peressut et al, 2023). These polymers are often
functionalized with ion-conducting groups, such as quaternary
ammonium (Vijayakumar et al., 2021), imidazolium (Jheng et al.,
2021), pyridinium (Ayaz et al, 2023), phosponium (Liu et al.,
2016), or guanidinium (Xue et al, 2020), introduced through
chloromethylation or bromination reactions followed by
quaternization with cationic species such as trimethylamine or
guanidinium hydrochloride. While these AEMs exhibit excellent
chemical stability and ionic conductivity, they suffer from
certain disadvantages, such as high production costs, limited
mechanical flexibility, and challenges in maintaining long-term
stability under highly alkaline conditions (Samsudin & Hacker,
2021a).

Poly(vinyl alcohol) (PVA) has emerged as a promising
alternative polymer backbone for AEMs due to its hydrophilic
nature, flexibility, and ease of functionalization. PVA-based
membranes offer several advantages, including good film-
forming ability, biocompatibility, and chemical stability in
alkaline environments. Additionally, PVA can be easily modified
with quaternary ammonium groups to enhance its anion
conductivity. However, PVA is prone to swelling and dissolution
in aqueous environments, which can compromise its
mechanical properties and ion-exchange capacity (Samsudin,
Roschger, et al,, 2022; J. Wang et al., 2024).

To address the limitations of PVA-based AEMs, crosslinking
has been widely employed to improve membrane stability and
performance. Crosslinking can be either thermal or chemical.
Thermal crosslinking involves the application of heat to induce
bond formation between polymer chains, while chemical
crosslinking uses agents to create covalent bonds with the
polymer’s functional groups. Common chemical crosslinkers
include dialdehydes (e.g., glutaraldehyde), dicarboxylic acids
(e.g., citric acid, succinic acid), dianhydrides, sulfosuccinic acid,
and trisodium trimetaphosphate (Sonker et al, 2018). Among
these methods, glutaraldehyde is frequently used due to its
effectiveness in creating stable covalent bonds between
polymer chains, thereby enhancing the membrane's mechanical
strength and resistance to swelling (Samsudin & Hacker,
2021b).

In this study, quaternary ammonium poly(vinyl alcohol)
(QPVA) was used as the backbone polymer, while
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polyquaternium-7, another quaternary ammonium-containing
polymer, served as an additional anion-conducting component
within the PVA-based AEM. Polyquaternium-7 was chosen due
to its high ionic conductivity, excellent chemical stability, and
biocompatibility (Samsudin, Abdullah, et al., 2024). However,
since QPVA lacks water stability and polyquaternium-7 is water-
soluble, crosslinking was necessary to enhance membrane
integrity. Glutaraldehyde was employed as a chemical
crosslinker alongside thermal crosslinking to improve
mechanical strength and stability. This study aims to evaluate
the impact of varying glutaraldehyde concentrations on the
properties and performance of QPVA/polyquaternium-7 AEMs
for APEFC applications.

2. Methods
2.1 Materials

Quaternary ammonium poly(vinyl alcohol) (with a hydrolysis
level of 85.5-88.0% and viscosity ranging from 18-22 mPa.s)
was procured from Mitsubishi Chemical Corporation, Tokyo,
Japan. Polyquaternium-7 (poly(acrylamide-co-diallyl
dimethylammonium chloride), 10 wt.% in H,O, with a viscosity
of 9,000-25,000 cP) and nano-alumina (Al,O,, <50 nm particle
size) were the products of Sigma-Aldrich. Meanwhile,
glutaraldehyde (50 wt.% in H,0) was supplied by Merck. Anion
exchange ionomer solution (fumion® FAA-3, 10 wt.% in NMP)
and its corresponding membrane (fumasep® FAA-3-50, 50 ym
thickness), carbon cloth (0.406 mm thickness), and carbon
paper (29 BC, 0.235 mm thickness) were supplied by the Fuel
Cell Store. A commercial Pt/C catalyst (20% Pt on carbon black,
with a surface area of 10,000 m?/g) was obtained from Alfa
Aesar. Potassium hydroxide (AR), hydrochloric acid (AR), and
acetone (AR) were also purchased from Merck.

2.2 Polymers solution preparation

A 10 wt% QPVA solution was prepared by dissolving
Gohsenx™ K-434 in distilled water at 80°C, with overnight
stirring to attain homogeneity. A 5 wt.% polyquaternium-7
solution was independently prepared by diluting a 10 wt.%
solution from Sigma-Aldrich with distilled water. The 10 wt.%
QPVA and 5 wt% polyquaternium-7 solutions were
subsequently mixed in an ambient environment for 4 hours in
1:0.5 mass ratios.

2.3 AEMs preparation

The pre-formulated QPVA/PQ?7 solution was applied onto a
glass substrate utilizing a casting knife featuring an aperture of
50 pm. The wet membrane film was let to dry under ambient
conditions for 48 hours. Upon complete moisture evaporation,
the membrane was thoroughly peeled off the glass plate and cut
according to the specific requirements for each characterization.
The membrane was then heated at 130°C for one hour.
Following the heat treatment, the membrane was immersed in
a crosslinking solution. Various concentrations of crosslinking
solution were prepared by dissolving glutaraldehyde in acetone,
with a small amount of hydrochloric acid as a catalyst to allow
the crosslinking process. The samples were labeled as shown in
Table 1. Figure 1 illustrates the experimental procedure
implemented in this study, providing a step-by-step overview of
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Table 1
Sample names and formulation of crosslinker solutions
AEM Glutaraldehyde Acetone Distilled
Samples (wt.%) (wt.%) water (wt.%)

QP-GA-2 2 94 4
QP-GA-5 5 85 10
QP-GA-8 8 76 16
QP-GA-10 10 70 20
QP-GA-13 13 61 26

the methods applied, which began from membrane preparation
and crosslinking to characterization and performance
evaluations.

2.3 Structural Characterization

The structural properties of the membranes were investigated
using a Spectrum Two IR spectrometer (Perkin-Elmer). Fourier
Transform Infrared (FTIR) spectroscopy was utilized to analyze
the key functional groups and verify the occurrence of
crosslinking within the membranes. The FTIR spectra were
collected in the range of 4000-400 cm™, and the resulting data
were analyzed to observe characteristic peaks corresponding to
the polymer backbone and crosslinking agents.

2.4 Morphological Characterization

The surface morphology of the membranes was examined using
Scanning Electron Microscopy (SEM) on a JEOL JSM-6510LA
instrument operated at an accelerating voltage of 10 kV. The
membranes were coated with a thin conductive layer via
sputtering prior to imaging. SEM images were captured to
observe the microstructure and surface morphology of the
membranes, providing insights into their structural features and
uniformity

2.5 Mechanical Properties

The mechanical properties of AEMs, represented by tensile
strength, were assessed using a universal testing machine.
Membranes were cut into strips with a length of 30 mm, and the
tests were performed at a constant speed of 1 mm/s. These
tensile tests were essential for evaluating the strength and
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flexibility of the membranes, providing key insights into their
durability and mechanical robustness under standard operating
conditions.

2.6 Thermal Stability

Thermogravimetric analysis (TGA) was conducted to evaluate
the thermal stability of the membranes using a STA 449 C
apparatus (Netsch). This technique measures changes in the
sample's weight as a function of temperature to determine the
thermal decomposition temperature and the stability of the
membranes. The membrane samples were heated from ambient
temperature to 600°C at a controlled heating rate of 10°C per
minute under a nitrogen atmosphere to ensure an inert
environment and prevent oxidative degradation.

2.7 Ion Exchange Capacity (IEC)

The ion exchange capacity of the AEMs was evaluated using the
back titration method. IEC was used to quantify the membranes'
ability to exchange hydroxide ions, a key property for assessing
their electrochemical performance. In this measurement, AEM
samples were first immersed in 1 M KOH solution for 24 hours
to fully exchange the Cl™ ions with OH™ ions. Afterward, the
membranes were thoroughly rinsed with distilled water for 24
hours. This washing process was performed to remove any
residual KOH that might remain in or on the membrane and
potentially interfere with the subsequent titration. After rinsing,
the membranes were immersed in 0.01 M HCI solution, where
the hydroxide ions in the membrane were neutralized by the
acid. The remaining HCI in the solution, which had not reacted
with the membrane, was quantified by titration using 0.01 M
NaOH. The volume of NaOH required to neutralize the
unreacted HCl was carefully recorded. The IEC was calculated
based on the amount of titrant used, which corresponds to the
membrane's capacity to exchange hydroxide ions. The IEC is
calculated using the formula (1):

IEC = (Va=V5)Cnaon (1)
Wdry

where V., is the initial volume of 0.01 M HCl solution added (in
mL), Vy is the volume of 0.01 M NaOH titrant needed to
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Fig. 1 Scheme of Experimental Procedure
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neutralize the remaining HCl after the experiment (in mL), Cnaon
is the concentration of the NaOH solution (0.01 M), and Way is
the dry weight of the membrane (in mg).

2.8 Water Uptake

The water uptake (WU) of the AEMs was assessed to evaluate
their ability to absorb and retain water. This was done by
immersing dry membranes in distilled water for 24 hours at
ambient conditions to ensure thorough hydration. The
membranes were weighed prior to and after immersion to
determine the amount of water absorbed. The WU was then
calculated using Equation 2, providing a quantitative measure
of the hydration capacity of the membranes.

Wwet - wdry

WU =
Wdry

x100% (2)

where Wyer and Wary represent the weight of the wet and dry
membranes, respectively.

2.9 Swelling Degree

The swelling degree of the membranes was determined by
immersing the membranes in distilled water for 24 hours. The
volume of the membranes was measured before and after
immersion, and the swelling degree was calculated using the
formula (3):

WU = et 10095 3)

dry

where Vwer and Vay represent the volume of the wet and dry
membranes, respectively.

2.10 OH™ Conductivity

The hydroxide ion conductivity of AEMs was determined using
Electrochemical Impedance Spectroscopy (EIS). In this
measurement, a four-electrode conductivity clamp (Bekktech
BT110 LLC, Scribner Associates, USA) was used. The clamp
was paired with a Gamry Reference 600 potentiostat for the
measurements. The impedance data were collected across a
frequency range of 0.1 Hz to 10 kHz using an alternating current
(AC) potential of 50 mV. The OH~ conductivity was calculated
using the corresponding equation 4:

L
c = RA (4)
where o represents the conductivity (mS cm™!), L is the
thickness of the membrane (cm), R denotes the membrane
resistance (Q), and A is the cross-sectional area of the
membrane (cm?) in contact with the electrodes.

2.11 Single-cell Performance Test

The performance of the QP-GA AEM was evaluated using a
custom-built alkaline direct ethanol fuel cell (ADEFC). The
cathode utilized an Ag—MnxOy/C catalyst, while the anode
employed a PdNiBi/C catalyst, both supported on Vulcan
XC72R carbon (Roschger et al, 2022). The catalysts were
prepared as ink by mixing with isopropanol, water, and an
ionomer (Nafion ionomer), and the mixture was applied to the
gas diffusion layer (GDL) via ultrasonic spray coating (Sonotek,
USA). Carbon cloth was used as the GDL at the anode, while
carbon paper was employed at the cathode. Optimal catalyst
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loadings of 0.5 mg cm™ for the anode and 0.25 mg cm™ for the
cathode were achieved (Roschger, Wolf, Mayer, et al., 2023).

Before measurements, the membranes underwent
pretreatment by immersion in 1 M KOH solution for 24 hours.
The membrane electrode assembly (MEA) was constructed by
assembling the treated membrane with the prepared GDLs and
securing them within the cell. Performance measurements were
carried out at various conditions, including room temperature,
60 °C, and 80 °C, with and without humidified oxygen. The cell
was supplied with 5 M KOH and 3 M ethanol at a flow rate of 5
mL min~! at the anode, while the cathode received either pure
or humidified oxygen at a flow rate of 25 mL min~!. Polarization
curves were obtained using a Zahner IM6ex potentiostat
combined with a PP240 power potentiostat (Zahner-Elektrik
GmbH & Co. KG, Kronach-Gundelsdorf, Germany).

3. Results and Discussion
3.1 Chemical Structure

The FTIR spectra shown in Figure 2 illustrate the impact of
varying glutaraldehyde (GA) concentrations on the structural
characteristics of QPVA/Polyquaternium-7 membranes. The
sample without crosslinker (QP non-GA) exhibits a strong,
broad peak around 3300 cm™, attributed to the O-H stretching
vibrations of the hydroxyl groups in poly(vinyl alcohol) (PVA).
As the concentration of GA increases, the intensity of this O-H
stretching peak diminishes, suggesting that more hydroxyl
groups reacted with GA to form acetal linkages. This indicates
a successful crosslinking reaction, as the hydroxyl groups are
progressively consumed in forming covalent bonds,
strengthening the polymer network.

The C-H stretching peak at 2923 cm™, characteristic of the
aliphatic C—H bonds present in both PVA and Polyquaternium-
7, remains relatively constant across the spectrum, with only
minor changes in intensity. This consistency suggests that the
crosslinking process primarily targets the hydroxyl groups
without significantly altering the aliphatic backbone of the
polymers. This stability of the C-H stretching region further
supports the fact that the main effect of crosslinking is on the
functional groups rather than the polymer backbone, thereby
preserving the membrane’s mechanical integrity.

A decrease in the intensity of the C=0 stretching peak at
1728 c¢cm™ is observed with higher GA concentrations. This

a0 2 s w3l 100 6%
QP-GA-13 1660 1373 4138 1005
QP-GA-10 1252
QP-GA-8
QP-GA-5
QP-GA-2
QP non GA

Absorbance

: : \ \ ; . :
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™")

Fig. 2 IR Spectra of AEMs with different concentrations of GA as
crosslinker
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Fig. 3 Crosslinking reaction between QPVA and GA

reduction suggests that the carbonyl groups of glutaraldehyde
are increasingly consumed during the crosslinking reaction with
the hydroxyl groups of PVA, forming acetal linkages. The
diminishing carbonyl signal implies the successful formation of
crosslinked networks, particularly in QP-GA-10 and QP-GA-13,
which corresponds with improved membrane stability under
alkaline fuel cell operating conditions.

Interestingly, the intensity of the C=N stretching band
around 1660 cm™, attributed to the quaternary ammonium
groups in polyquaternium-7, increases slightly with higher GA
concentrations. While no additional C=N groups are formed
during the crosslinking process (Samsudin, Rokhati, et al., 2024;
Zhou et al, 2020), this increase may be due to enhanced
molecular orientation or polymer chain interactions within the
more densely crosslinked network. This observation suggests
that the ionic functional groups remain intact and are potentially
better organized, preserving the membrane’s anion exchange
functionality.

An increase in the absorption band at 1135 cm™ is observed
with increasing GA concentrations. This band is attributed to
the asymmetric stretching of C-O-C bonds, which is
characteristic of acetal linkages formed during the crosslinking
reaction between glutaraldehyde and the hydroxyl groups of
PVA (Gadhave et al., 2019; Z. Zhang et al., 2020). The gradual
intensification of this peak confirms the progressive formation
of a crosslinked network, supporting the enhanced structural
integrity of the membrane at higher crosslinker levels. Other
peaks at 1373 cm™, 1100 cm™, and 826 cm™!, associated with
various C-H bending and C-O stretching modes, also exhibit
minor shifts or increases in intensity as GA concentration
increases.

The FTIR spectra in Figure 2 show that increasing the GA
concentration from 0% to 13% in the QPVA/Polyquaternium-7
membranes affects the membrane’s structural properties. The
progressive reduction in the O-H stretching intensity and the
enhancement of the C=0 and C-O-C stretching peaks confirm
that higher GA concentrations lead to more extensive
crosslinking, creating a stronger, more durable network.
Importantly, the quaternary ammonium groups responsible for
ionic conductivity remain intact throughout the crosslinking
process, preserving the membrane’s functionality.

3.2 Morphology

Figure 4 presents the SEM image of the QP-GA-13 Anion
Exchange Membrane (AEM) at a magnification scale of 10 ym.
The microstructure of the membrane appears homogeneous,
with a smooth and uniform surface morphology. This suggests
that the crosslinking process with 10% glutaraldehyde has been
effective in developing a well-structured membrane without
significant surface defects, cracks, or phase separations. The
absence of visible pores or irregularities implies that the
membrane possesses good mechanical integrity, which is
crucial for maintaining its stability during fuel cell operation.

Int. J. Renew. Energy Dev 2025, 14(4), 717-726
| 721

SEIl 10kv  WD10mm SS30

x5.000 5pm
LAB.TERPADU UNDIP 0000

Fig. 4 SEM images of QP-GA-13 AEM (10 kV, X5000, scale bar =
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The uniform morphology is also indicative of a successful
blending of the quaternized poly(vinyl alcohol) and
polyquaternium-7, with the crosslinking process likely to help
stabilize the membrane structure. The smoothness observed in
the SEM image suggests that there is minimal phase segregation
between the polymer components, which is advantageous for
ensuring consistent ion transport across the membrane. This
homogeneity plays a critical role in the membrane's
performance by allowing for an even distribution of ion-
conducting pathways, which can contribute to enhanced ionic
conductivity and durability in alkaline polymer electrolyte fuel
cells (APEFCs).

Overall, the SEM image of the QP-GA-13 membrane
highlights the successful fabrication and crosslinking of the
material, resulting in a membrane with a smooth, defect-free
surface that is well-suited for application in fuel cells.

3.3 Thermal Stability

The thermogravimetric analysis (TGA) of the QP-GA-13 Anion
Exchange Membrane (AEM) provides insights into its thermal
stability and decomposition behavior, as shown in Figure 5. The
TGA curve shows the weight loss of the membrane as a function
of temperature, indicating distinct stages of thermal
degradation.

The initial weight loss (I) observed below 100°C corresponds
to the evaporation of adsorbed water and moisture within the
membrane (Chen et al., 2022; Hdidar et al., 2025). This stage is
typical in hydrophilic membranes like PVA-based AEMs, which

100,
wd
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Fig. 5 TGA Results of QP-GA-13 AEM
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readily absorb water. The gradual weight loss suggests that the
membrane retains some water, which is characteristic of
crosslinked hydrophilic materials.

The next significant weight loss (II) occurs between 240°C
and 295°C. This stage represents the decomposition of the
quaternary ammonium functional groups in polyquaternium-7
and the partial degradation of the PVA polymer backbone (Zhou
et al., 2013). The substantial drop in weight during this range
indicates the breaking of chemical bonds associated with these
functional groups, which is crucial for the membrane’s ion
exchange properties. Crosslinking with glutaraldehyde may
slightly shift this degradation temperature compared to non-
crosslinked membranes due to the increased stability provided
by the acetal linkages.

A next major degradation step (III) occurs between 295°C
and 430°C, corresponding to the thermal decomposition of the
main polymer backbone, including poly(vinyl alcohol) and the
remaining crosslinked network (Yang et al, 2021). The sharp
decrease in weight during this stage indicates the breakdown of
the membrane’s structural integrity. This stage marks the point
at which the membrane loses most of its mechanical and
chemical functionality, and it is typical for PVA-based materials.

Finally, the membrane retains approximately 30% of its
original weight even at temperatures approaching 600°C, which
is likely due to the formation of stable char residues. The
presence of these residues suggests that the crosslinking
process introduces additional stability, likely contributing to the
membrane’s overall durability under elevated temperatures.
This residual weight could also be attributed to inorganic fillers
or additives, such as nano-alumina, that do not decompose
under the TGA conditions.

The TGA results demonstrate that the QP-GA membrane
exhibits good thermal stability up to 200°C, with primary
degradation occurring between 240°C and 430°C (Alhulaybi &
Dubdub, 2024). Crosslinking with glutaraldehyde appears to
enhance the thermal resistance of the membrane, making it
suitable for use in applications where moderate thermal stability
is required, such as in alkaline polymer electrolyte fuel cells.

3.4 Mechanical Properties

The tensile strength of QP-GA membranes, as shown in Figure
6, demonstrates the significant impact of glutaraldehyde (GA)
crosslinking on the mechanical properties of the membranes.
The tensile strength increases progressively with the
concentration of GA, indicating improved mechanical stability
as crosslinking density increases.

The non-crosslinked membrane (QP-non GA) exhibits a
tensile strength of 11.2 MPa, which is the lowest among all
samples. This relatively low value reflects the lack of
crosslinking, leaving the polymer matrix susceptible to
mechanical deformation under stress. With the introduction of
2% GA crosslinking, the tensile strength slightly improves to 12
MPa, indicating that even a small degree of crosslinking
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Fig. 6 Tensile Strength of QP-GA AEMs

contributes to enhanced mechanical stability by forming initial
acetal linkages between polymer chains.

As the GA concentration increases, the tensile strength
shows a marked improvement, reaching 14.2 MPa for QP-GA-5
and 20.9 MPa for QP-GA-8. This substantial increase can be
attributed to the formation of additional crosslinking bonds,
which restrict polymer chain mobility and provide greater
resistance to mechanical forces. The enhanced mechanical
properties at these concentrations indicate that the polymer
network becomes more robust and resistant to stress as the
crosslinking density increases.

The QP-GA-10 and QP-GA-13 membrane exhibits the
highest tensile strength values, reaching 25.1 MPa and 31.1
MPa, respectively. This significant improvement suggests that
higher GA concentrations result in a dense and tightly
crosslinked polymer network, offering superior mechanical
strength. The QP-GA-13 membrane, with the highest GA
concentration, achieves the greatest tensile strength, indicating
that extensive crosslinking effectively enhances the
membrane’s ability to withstand mechanical deformation. A
comparison of tensile strengths of various AEMs is presented in
Table 2.

These results highlight the critical role of GA crosslinking in
improving the mechanical properties of QP-GA membranes.
The increasing tensile strength with higher GA concentrations
suggests that crosslinking not only strengthens the polymer
matrix but also ensures the dimensional stability of the
membranes under operational conditions (Samsudin & Hacker,
2021b). This is particularly important for alkaline polymer
electrolyte fuel cell (APEFC) applications, where membranes
must maintain their structural integrity under mechanical and
operational stresses.

Table 2
Reported tensile strength of AEMs with various backbone polymers
AEM Samples Backbone Polymer Tensile Stength (Mpa) Ref.

CNSiPCS Chitosan 11 (F. Wang et al., 2024)
PS-tr-QPy- 4 Polysulfone 18.1 (Ayaz et al., 2023)
PAEK-QP-2 Poly(arylene ether ketone) 17.3 (Ayaz et al., 2022)
0.30Q1.60Et0.10Pr Polybenzimidazoles 34.1 (Abdi et al., 2021)
IECNMR
QP-GA-13 Poly(vinyl alcohol) 31.1 This work
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Fig. 7 Swelling Properties of QP-GA AEMs

3.4 Swelling Properties

Figure 7 shows the swelling properties of QP-GA AEMs with
different glutaraldehyde (GA) concentrations, illustrating both
water uptake (WU) and swelling degree (SD) as a function of
crosslinking levels. As GA concentration increases from 2% to
13%, there is a notable increase in both WU and SD, confirming
that higher crosslinking levels affect the membrane’s capacity to
absorb water and swell.

The water uptake values for the membranes increase
progressively, from 23.4% in QP-GA-2 to 44.7% in QP-GA-13.
This trend suggests that the higher the GA concentration, the
more hydrophilic the membrane structure becomes, allowing it
to absorb more water. This increase in hydrophilicity could be
attributed to the presence of additional acetal linkages formed
during the crosslinking process, which may introduce slightly
more free volume within the membrane, facilitating water
absorption. However, as the crosslinking level increases, it also
limits excessive swelling, suggesting a balance between water
uptake and structural stability.

Similarly, the swelling degree (SD) of the membranes shows
an upward trend with increasing GA concentration, ranging
from 19.1% in QP-GA-2 to 34% in QP-GA-13. This increase in
SD suggests that the membranes undergo more volumetric
expansion as they absorb water, which correlates with the
increase in water uptake. The crosslinked structure at higher GA
levels likely contributes to greater membrane integrity,
preventing excessive swelling, but allows for controlled
expansion. This controlled swelling is crucial in fuel cell
applications, as it helps maintain membrane mechanical stability
while ensuring adequate ionic pathways for hydroxide ion
transport.

The observed increase in both WU and SD with higher GA
concentrations implies that while the crosslinking strengthens
the membrane, it still allows for sufficient hydration, which is
essential for effective ionic conductivity. The QP-GA-10 and
QP-GA-13 samples, which exhibit the highest values for both
WU and SD, indicate an optimal balance of crosslinking, which
maximizes water retention without compromising structural
stability. This balance is beneficial for fuel cell operation, where
membrane hydration is crucial for maintaining high ionic
conductivity.

3.5 Hydroxide Conductivity

The hydroxide ion conductivity data for the QP-GA membranes
at room temperature (RT) and 70°C reveal significant variations
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depending on the degree of crosslinking, as shown in Figure 8.
At room temperature, the QP-GA-2 membrane, which is
crosslinked with 2% glutaraldehyde, exhibits a conductivity of
1.16 mS cm™. This relatively low value can be attributed to the
minimal crosslinking, which allows for greater ion mobility but
lacks the structural stability needed to optimize ion transport.
Similarly, QP-GA-5 and QP-GA-8, with conductivities of 1.24
mS cm™ and 1.51 mS cm™, respectively, show that an increase
in crosslinking concentration up to 8% results in only marginal
improvements in conductivity at room temperature.

A pronounced conductivity enhancement is observed with
the QP-GA-10 membrane, which exhibits a conductivity of 2.6
mS cm™. This suggests that a 10% glutaraldehyde concentration
strikes an effective balance between structural rigidity and ion
transport efficiency, leading to enhanced conductivity. The
highest room-temperature conductivity, 3.49 mS cm™, is
observed in the QP-GA-13 membrane, indicating that further
increases in crosslinking concentration can lead to improved ion
transport, likely due to the stabilization of the membrane
network that prevents excessive swelling while maintaining
sufficient free volume for ion mobility.

At 70°C, all membranes exhibit significantly higher
conductivities, reflecting the expected increase in ion mobility
at elevated temperatures. The QP-GA-2 membrane shows an
increase to 2.21 mS cm™?, while QP-GA-5 and QP-GA-8 display
conductivities of 2.45 mS cm™ and 2.92 mS cm™, respectively.
These results indicate that while higher temperatures improve
ion transport across all membranes (Ziv & Dekel, 2018), the
effect is more pronounced for membranes with lower
crosslinking concentrations, which have greater flexibility.

The QP-GA-10 membrane exhibits a conductivity of 3.54 mS
cm™ at 70°C, demonstrating its superior performance in
balancing structural integrity with ionic conductivity. The QP-
GA-13 membrane again shows the highest conductivity at 70°C,
reaching 4.15 mS cm™, reinforcing the conclusion that a higher
degree of crosslinking provides optimal membrane stability at
elevated temperatures, which is crucial for maintaining high ion
conductivity under operating conditions relevant to fuel cells.
The results demonstrate that hydroxide ion conductivity is
strongly influenced by both the degree of crosslinking and the
operating temperature. While lower crosslinking concentrations
allow for greater flexibility and ion mobility at room
temperature, higher concentrations such as in QP-GA-10 and
QP-GA-13 provide the best performance at elevated
temperatures due to enhanced membrane stability. These
findings underscore the importance of optimizing crosslinker
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content to ensure both mechanical durability and high ion
conductivity in anion exchange membranes (AEMs) for fuel cell
applications.

3.5 Fuel Cell Test

Figure 9 presents the polarization and power density curves for
the QP-GA AEM in a single-cell alkaline polymer electrolyte fuel
cell (APEFC) under various operating conditions: room
temperature (RT), 60°C, and 80°C, with additional tests using
humidified oxygen at 60°C and 80°C. The data show the
significant impact of temperature and oxygen humidification on
the fuel cell’s performance, both in terms of cell potential and
power density across different current densities. At room
temperature, the fuel cell exhibits the lowest performance, with
a sharp drop in cell potential as current density increases. The
maximum current density achieved is approximately 100 mA
cm?, and the peak power density is around 20 mW cm2. This
is expected, as low operating temperatures reduce hydroxide
ion conductivity and reaction kinetics at the electrodes, limiting
both the current density and power output. When the operating
temperature is increased to 60°C, the cell performance
improves, reaching a maximum current density of about 180 mA
cm? and a power density of approximately 40 mW cm™2 Higher
temperature enhances ion transport within the membrane and
improves the reaction rates at the electrodes, leading to a
notable improvement in both the cell potential and overall
power density. However, dehydration effects at this
temperature, in the absence of humidified oxygen, limit further
increases in performance.

Introducing humidified oxygen at 60°C results in a
substantial performance boost. The cell potential is maintained
at higher values across a broader range of current densities, and
the maximum current density reaches approximately 250 mA
cm2 The corresponding peak power density improves to
around 55 mW cm™. The use of humidified oxygen likely
enhances membrane hydration, and reduces dehydration
effects, thereby increasing the overall current density and power
output.

The highest performance was observed at 80°C with
humidified oxygen. Under these conditions, the cell reaches a
maximum current density of approximately 350 mA cm™ and a
peak power density of around 85 mW cm™ This condition
provides an optimal combination of enhanced ion conductivity
and fast electrode kinetics. The humidification prevents

Cell Potential [V]
Power density [mW cm?]

Current density [mA em?]

——FT [ -

Fig. 9 QP-GA AEM Performance in APEFC
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membrane dehydration, ensuring stable ion transport and
maximum utilization of reactants.

Importantly, the maximum power density achieved with the
QP-GA AEM (85 mW cm™ at 80°C with humidified oxygen)
surpasses that of the commercial Fumasep FAA-3-50
membrane, which under the same condition achieves a
maximum power density of 54.7 mW cm™ (Roschger, Wolf,
Billiani, et al., 2023). Furthermore, the QP-GA AEM also slightly
outperforms the widely studied Nafion membrane, which
underwent anionic treatment, which achieves a maximum
power density of 84.1 mW cm™ under the same catalyst and
setup conditions (Roschger, Wolf, Billiani, et al., 2023). This
proves that the QP-GA membrane not only exceeds the
performance of a prominent commercial alkaline membrane but
also competes effectively with Nafion-based membranes, which
are considered benchmarks for fuel cell performance.

4, Conclusion

In this study, the performance of crosslinked quaternary
ammonium poly (vinyl alcohol) (QPVA) and Polyquaternium-7
anion exchange membranes (AEMs) for alkaline polymer
electrolyte fuel cells (APEFCs) was evaluated. Varying
glutaraldehyde (GA) concentration for crosslinking of the
membranes significantly influenced their structural, mechanical,
and electrochemical properties, with the QP-GA-10 and QP-GA-
13 membranes demonstrating the best performance.

The FTIR analysis confirmed successful crosslinking by the
appearance of characteristic acetal linkages between the
hydroxyl groups of QPVA and glutaraldehyde. The SEM images
demonstrated a smooth and homogeneous membrane surface,
suggesting that crosslinking improved the mechanical stability
and maintained a defect-free morphology crucial for ionic
conductivity. Thermogravimetric analysis (TGA) revealed that
crosslinking enhanced the thermal stability of the membranes,
with QP-GA-13 exhibiting the highest thermal resistance,
making them suitable for high-temperature operation.

Swelling and water uptake measurements indicated that
both properties increased with higher GA concentrations, with
QP-GA-13 exhibiting the highest water uptake (44.7%) and
swelling degree (34%). This balance between hydration and
dimensional stability highlights the importance of crosslinking
in ensuring effective ion transport while maintaining structural
integrity. Tensile strength measurements demonstrated a
consistent increase with GA concentration, with QP-GA-13
achieving the highest tensile strength (31.1 MPa), reflecting its
superior mechanical stability. These findings confirm that higher
crosslinking densities reinforce the membrane structure while
enabling optimal hydration and swelling.

Hydroxide ion conductivity measurements showed that
conductivity increased with both temperature and crosslinker
concentration. At room temperature, QP-GA-13 displayed the
highest conductivity (3.49 mS cm™), while the highest
conductivity at 70°C was also achieved by QP-GA-13 (4.15 mS
cm™). These results highlight the importance of crosslinking
concentration in balancing ion transport and membrane
stability.

Single-cell performance tests in APEFCs showed that fuel
cell performance improved significantly with increasing
temperature and oxygen humidification. The QP-GA-13
membranes displayed the highest power densities, with QP-GA-
13 achieving a maximum power density of 85 mW cm™ and a
current density of 350 mA cm at 80°C with humidified oxygen.
These results demonstrate that high glutaraldehyde
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concentrations improve the structural integrity and ionic
conductivity of the membranes, leading to superior fuel cell
performance.

In conclusion, the results indicate that the QP-
GAmembranes, with their excellent mechanical, thermal, and
electrochemical properties, are promising candidates for high-
performance AEMs in APEFC applications. The combination of
optimal crosslinking and operational conditions, such as
elevated temperature and humidified oxygen, significantly
enhances the membrane's performance, making these
membranes suitable for practical fuel cell applications.
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