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Anion-exchange-membrane fuel cells (AEMFCs) have gained significant attention in recent years due to
their utilization of inexpensive metals. However, the conductivity of anion-exchange membranes in fuel
cells still falls short when compared to the extensively researched proton-exchange-membrane fuel
cells (PEMFC). Researchers at large are actively working towards the advancement of anion-exchange
membranes that possess superior ionic conductivity, alkaline resistance, and mechanical stability. This
work attempts to comprehensively review the recent transformative progress in attaining efficient anion-
exchange membranes through both experimentation and computational approaches. The review delves
into different aspects of anion-exchange-membrane performance, such as polymer structure, pendant
group modifications, morphological traits, water management, etc., to ensure high ionic conductivity
and alkaline stability. Additionally, the review explores diverse strategies to protect the cationic
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functional groups to address the concern of deterioration. To understand the role of pivotal factors,
insights are provided into the design of anion-exchange membranes with emphasis on high
DOI: 10.1039/d6ya00028b conductivity, enriched by summarizing recent advancements, including molecular studies. The alkaline

stability and hydration control of anion-exchange membranes are key parameters to focus on for
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1 Introduction

One of the biggest challenges in today’s world is to find a
balance between energy production and environmental pollu-
tion. The use of fossil fuels for generating energy or electricity is
one of the leading causes of increasing environmental pollu-
tion. Fossil fuels liberate huge amounts of greenhouse gases,
which adversely affect the environment and human health.
Therefore, the use of renewable sources for the generation of
energy or electricity has grown tremendously over the years,
with improvement in the efficiency of solar cells, fuel cells, and
super-capacitors. The best alternative to fossil fuels for gener-
ating energy is fuel cells." Fuel cells convert chemical energy
into electrical energy with minimal emission of pollutants.*
Fuel cells generate zero noise pollution and possess high
efficiency.>® There are several types of fuel cells that operate
under different conditions and use different types of materials,
for example the proton-exchange-membrane fuel cell (PEMFC),”®
alkaline fuel cell (AFC),’ anion-exchange-membrane fuel cell
(AEMFC),™ direct alcohol fuel cell (DAFC),"* molten carbonate
fuel cell (MCFC)," solid oxide fuel cell (SOFC),"* and phosphoric
acid fuel cell (PAFC).™ All fuel cells consist of a cathode, anode,
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exceptional performance potential in forthcoming applications.

electrolyte, and fuel. At the anode, fuel is oxidized and releases
electrons. At the cathode, air (oxidant) reacts with electrons and
produces reduced species. Different fuel cells utilize different
types of electrolytes and fuels.”>™®

Among polymer-electrolyte-based fuel cells, the use of ion-
exchange membranes as electrolytes in fuel cells has attracted
tremendous attention. Ion-exchange membranes as electrolytes
in fuel cells possess several advantages, such as they can
operate at low temperatures, possess low corrosion risks, and
are safe and easy to handle compared to liquid electrolytes. Ion-
exchange membranes as electrolytes in fuel cells are classified
as either proton-exchange membranes or AEMs, which result
in the generation of either acidic or alkaline environments,
respectively. Proton-exchange membranes allow protons to
pass through selectively while preventing the passage of anions,
whereas anion-exchange membranes perform the reverse
action.”® A schematic representation of various components
of an AEM fuel cell is shown in Fig. 1. The comprehensive
multiscale review by Lei and co-workers®" primarily centred on
electrochemical mechanisms in alkaline media, with particular
emphasis on the hydrogen oxidation reaction (HOR), oxygen
reduction reaction (ORR), catalyst design, and electrode-
level processes. Its major strength lies in correlating reaction
kinetics with electrocatalyst behavior across multiple scales.

The review of Yassin and Dekel®* provided a broad, cross-
cutting analysis of AEM-based technologies, including fuel
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Excess Water and Fuel

Fig. 1 A schematic representation of an AEMFC.

cells, water electrolyzers, redox flow batteries, CO, electrolysis
systems, and gas separation platforms. While such wide-
ranging scope was valuable for identifying common challenges
across different electrochemical devices, it does not offer an in-
depth, fuel-cell-specific membrane analysis. The recent review
on membranes by Hsiao and co-workers®>* mainly focuses on
comparative analyses of PEM and AEM water electrolyzers,
alkaline-stability enhancement strategies, and patent-related
developments.
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In contrast to these prior works, our review is specifi-
cally centred on AEMs for fuel-cell applications, with a strong
emphasis on membrane molecular design, polymer architec-
ture engineering, and transport mechanisms. We provide a
detailed mechanistic discussion of hydroxide ion transport,
clarifying the interplay between vehicular and Grotthuss-type
mechanisms under varying hydration conditions. Importantly,
we include a separate and structured section dedicated to
AEM synthesis methodologies, rational membrane design and
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fabrication. Furthermore, we present a systematic evaluation of
recent strategies to enhance AEM performance, highlighting
multiple emerging and innovative directions reported in the
literature. A distinctive strength of our review is the dedicated
integration of computational modelling approaches alongside
experimental advancements, thereby bridging theory-guided
design with practical material development. This review mainly
puts emphasis on AEMs for alkaline anion-exchange-membrane
fuel cells. The present work discusses the essential design aspects
of anion-exchange membranes (AEMS) in relation to applications,
specifically tailoring them to meet the demands of future energy
in terms of stability, performance and durability.

2 Anion-exchange-membrane fuel
cells

NASA used an alkaline fuel cell in the Apollo series missions
and on the space shuttle. The world’s first fuel-cell ship, ‘The
Hydra’, used an alkaline fuel-cell system.>* In these alkaline
fuel-cell systems, liquid KOH electrolyte was used, which
corrodes the electrode by forming K,CO;z; on reaction with
CO, present in the air.’® To address this challenge, researchers
opted for an anion-exchange membrane in place of a liquid
electrolyte. In an AEM, the carbonate content is very low
compared to a liquid electrolyte; hence, corrosion of the
electrode does not occur. An AEMFC consists of a membrane
electrode assembly (MEA) where the polymer electrolyte AEM
connects a cathode and an anode via an active catalyst layer.
Oxidation of hydrogen gas occurs at the anode and reduction of
oxygen gas occurs at the cathode. The following reaction occurs
at the cathode and anode in the fuel cell for electricity
generation."

At the anode: H, + 20H™ — 2H,0 + 2e”
At the cathode: 1/20, + H,O + 2¢~ — 20H™
Overall cell reaction: H, + 1/20, — H,0

AEMFCs have numerous advantages over PEMFCs, as sum-
marized in Table 1. An AEMFC operates in an alkaline medium;
therefore, the oxygen reduction reaction happens more effec-
tively and easily compared to in a PEMFC.>® In a PEMFC, highly
expensive metal catalyst electrodes (e.g., platinum) are used,
which limits their usage at the industrial level, whereas an
AEMFC can work with a low-cost non-platinum metal catalyst
electrode (e.g., silver, transition metal oxides). In the past few

Table 1 Advantages and disadvantages of AEMFCs®1019

Advantages Disadvantages

(1) Tolerance to CO poisoning
(2) Non-precious metal catalysts
(3) Broader fuel flexibility

(1) Membrane degradation

(2) Limited commercial availability
(3) Challenging to attain high
hydroxide conductivity

(4) Limited operating

temperature range

(4) Environment friendly

© 2026 The Author(s). Published by the Royal Society of Chemistry
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years, alkaline AEMFCs have gained popularity and become a
hot research topic®®?” because an increase in ionic conductivity
up to 200 mS cm ! has been recorded by several researchers.?®

3 Anion-exchange membranes: role
and performance

The AEM is a key component in an AEMFC because it is
responsible for the transportation of hydroxide ions from the
cathode to the anode.”® An anion-exchange membrane is made
up of a hydrophobic polymer backbone attached to a hydro-
philic cationic head, in which the cationic head is responsible
for the transportation of hydroxide ions from the cathode to the
anode.>® We can use poly(arylene ether), poly(2,6-dimethyl-1,4-
phenylene oxide), poly(vinyl alcohol), poly(tetrafluoroethylene),
etc. as the polymer backbone and quaternary ammonium,
imidazolium and guanidinium ions, etc. as the cationic head
groups for the AEM (see Table 2). Fumasep® FAA3, Tokuyama
A201, Aemion™, Sustainion® 37-50, Durion TM1, and PiperION
are some of the commercially available AEMs.*"*> Commercially
available AEMs face several limitations that impede their wide-
spread adoption in various applications, for example limited
alkaline stability, lower conductivity, water management (which
presents another challenge as AEMs require careful hydration
control), mechanical instability, etc. These obstacles have driven
researchers to develop membranes capable of surpassing current
constraints to enhance the performance of electrochemical
devices such as fuel cells and water electrolysers.*® Wang et al.>*
showed ion transport enhancement with the help of bromide
ions, using poly(bromo butylnorbornene) homopolymer AEMs.
The authors found that water percolation greatly relied on the
local hydrated structure of the alkaline membrane. Du et al.*®
presented emerging concepts related to anion-exchange mem-
branes as water electrolysers and highlighted the consideration of
cross-linking or use of composites in AEMs to enhance alkaline
stability.

3.1 Application of anion-exchange membranes in fuel cells

PEMFCs have been successfully adopted in fuel-cell electric
vehicles, with commercial models introduced by Toyota Motor
Corporation and Hyundai Motor Company, and General Motors
confirming the practical viability of fuel cells in transportation.
Despite these advancements, large-scale deployment of PEMFC
technology remains restricted due to the reliance on costly
platinum metal catalysts, durability concerns associated with
acidic membranes, and the need for highly corrosion-resistant
components.>*®*® In response to these limitations, AEMFCs
have emerged as a promising alternative. Their operation in an
alkaline medium allows the utilization of non-precious metal
catalysts and more economically viable materials, thereby
significantly reducing system cost.

Accordingly, AEMFCs are gaining considerable research
interest as a viable alternative for next-generation energy con-
version systems. To evaluate their practical feasibility and
performance potential, extensive research efforts have focused
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Table 2 Chemical structures of different polymer backbones and cationic heads groups
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on the fabrication and single-cell testing of AEMFCs under
optimized operating conditions. For instance, a series of poly-
styrene-block-polybutadiene-block-polystyrene (SBS) triblock
copolymers functionalized with pyridinium groups (SBS-
QA'py) were synthesized and evaluated in alkaline single-cell
fuel cells by Anley et al.>' Within this series, SBS-Qdpy; and
SBS-Qdpy, emerged as the most promising candidates due to
their optimized balance between ion exchange capacity (IEC)
and mechanical strength. Single-cell testing under fully humi-
dified H,/O, conditions (100% RH) at 80 °C and ambient
pressure revealed peak power densities of 362.2 mW cm > for
SBS-Qdpy1 and 398.1 mW cm™> for SBS-Qdpy,. These values
exceeded the performance of the commercial Sustainion X37-
50T (347 mW cm ™ under identical conditions) and were higher
than that of PiperlON-A20 (355-377 mW cm > under similar
conditions with minor differences in backpressure).

A series of novel poly(fluorenyl aryl piperidinium) (PFAP)
copolymers were designed by Chen and group®” for both AEMs
and anion-exchange ionomers (AEIs) to enhance AEMFC per-
formance. The materials were systematically evaluated through
single-cell H,/O, fuel-cell testing under controlled temperature,
humidity, and backpressure conditions to assess their practical
applicability. Using PFBP-14 as the AEI and PFTP-13 as the AEM
at 80 °C and 75%/100% RH, the cell delivered a peak power
density of 1.67 W cm 2 without backpressure, which further

Energy Adv.

increased to 2.34 W cm ™!

under 1.3/1.3 bar backpressure.
In contrast, commercial Fumatech-based AEMFCs typically
achieve peak power densities of only 0.5 W cm ™2, highlighting
the significant advancement offered by the PFAP-based system.
In order to evaluate the effect of different amounts of hydro-
phobic fluorinated groups, PTFx-QAPTP AEMs were synthe-
sized by Yu et al> To assess their practical performance,
single-cell fuel-cell tests were conducted. The PTF6-QAPTP
membrane achieved a peak power density of 849 mW cm ™ at
a current density of 1600 mA cm ™2, while PTF3-QAPTP deliv-
ered 571 mW cm™ 2. The better performance of PTF6-QAPTP is
likely due to its more distinct microphase separation, which
leads to the formation of continuous and interconnected
hydrophilic pathways.

3.2 Mechanism of hydroxide ion transport

Transportation of hydroxide ions occurs via AEMs involving
different mechanisms, e.g., the Grotthuss mechanism, surface
site hopping, convection, and diffusion. An illustration of these
mechanism around the AEM is presented in Fig. 2. In the
Grotthuss mechanism, hydroxide ion transportation occurs by
simultaneous breakage and formation of hydrogen bonds with
water molecules. In surface site hopping, the surface site refers
to the cationic group attached to the polymer backbone, and
hydroxide ions hop from one cationic group to another present

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 A schematic representation of mechanisms involved in hydroxide ion transport.

in the anion-exchange membrane.” Diffusion occurs due to
electroosmotic drag, where OH™ ions interact with water mole-
cules and migrate across the membrane. The pressure gradient
drives the convection transport of OH™ anions via the AEM
membrane. As the OH™ ions move they carry water molecules
with them through the membrane.'®** Enormous efforts have
been made to get insights into ion transport in polymer elec-
trolytes using different techniques. For example, Foglia et al.”®
used quasi-elastic neutron scattering to unveil characteristics of
the ion dynamics in polymeric membranes, using the commer-
cially available Fumatech FAD-55 membrane.

3.3 Performance of anion-exchange membranes

A good AEM should possess high hydroxide conductivity, and
excellent thermal, chemical, and mechanical stability. In an
anion-exchange membrane, the polymer backbone and the
attached cation both contribute significantly to hydroxide con-
ductivity and the stability of the membrane.”” The performance
of an AEM in an alkaline AEMFC depends on certain factors,
such as ion exchange capacity, water uptake, alkaline stability,
and the morphology of the membrane.*® All these factors contri-
bute significantly to hydroxide conductivity and membrane stabi-
lity. In the last decade, a lot of research has been carried out on
AEMs to attain hydroxide conductivity comparable to that of
PEMFCs.

3.3.1 Ion exchange capacity. Ion exchange capacity (IEC)
reflects the ability of the membrane to transport hydroxide
ions. IEC indicates the number of functional groups available
for ion exchange. A higher ion exchange capacity of the
membrane leads to an increase in the hydroxide ion conduc-
tivity of the AEM. However, an excessive increase in the ion

© 2026 The Author(s). Published by the Royal Society of Chemistry

exchange capacity leads to swelling of the membrane, which
results in overall disturbance of the morphology of the mem-
brane.*>®® The IEC is given as the number of mmol or mEq
of exchangeable ions per gram weight of dry membrane.®!
Balancing the ion exchange capacity with other membrane
properties, such as water uptake, and chemical and mechanical
stability, is crucial in designing AEMs with better performance.
The IEC is typically determined through three primary methods:
potentiometric, titration, and spectrophotometric techniques.
The potentiometric method involves measuring the change
in pH resulting from an increase in OH ™~ concentration within
the solution. The titration method is centered on titrating
a membrane sample using AgNO; to determine the exchan-
ged ClI” and NO;~ ions. Meanwhile, the spectrophotometric
detection method relies on the identification of NO;~ ions
exchanged with CI~ ions within the membrane sample.*?
3.3.2 Membrane morphology. The morphology of polymer
membranes holds significant importance; it acts as a pivotal
stabilizing element and significantly influences hydroxide ion
mobility. This micro-phase separation morphology observed in
AEMs results from the distinct characteristics of their hydro-
phobic and hydrophilic segments. The formed morphology is
greatly influenced by the properties of the cationic head group,
the polymer backbone, and the manner in which these com-
ponents are interconnected.®® By gaining a well-defined mor-
phology, it is possible to enhance the ion transport pathways
within the membrane, facilitating faster and more efficient ion
exchange. This, in turn, leads to improved overall electroche-
mical device performance. Additionally, it can help mitigate
issues related to membrane swelling and stability, ensuring
long-term durability and consistent operation. To examine the

Energy Adv.
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microscopic structure of AEMs, researchers typically employ
transmission electron microscopy (TEM), atomic force micro-
scopy (AFM), and small-angle X-ray scattering (SAXS) as primary
techniques.®® Frischknecht and co-workers®>®® employed mole-
cular simulations with different cation heads on polysulfone-
and poly(aryl piperidinium)-based AEMs. The authors explored
hydroxide ion percolation through water domains in a
membrane matrix. Barnett et al.®” showed the role of hydro-
philic channels in nanophase-segregated polyphenylene oxide
(PPO)-based AEMs. Drayer et al.®® explored the role of trimethy-
lammonium and dimethyl-hexyl ammonium pendant groups
attached to a polyethylene backbone. The morphological traits
revealed widening of hydrophilic channels to enhance water
percolation with an increase in hydration.

3.3.3 Water management. Water management also plays a
vital role in AEM stability, as water is generated at the anode
and it is needed at the cathode for the reduction of oxygen.
A higher current density of the cell may lead to dryness of the
cathode and may cause waterlogging at the anode. Moreover,
excessive water uptake can result in membrane swelling, which
can cause a breakdown in the mechanical and chemical char-
acteristics of the membrane. Apart from hydration, the concen-
tration of hydroxide ions is equally crucial for optimum
performance. Razmjooei et al.®® explored the cell performance
at varying KOH concentration and obtained the highest cell
performance at 1 M concentration of KOH. A further increase in
hydroxide ion concentration limits cell performance due to
membrane resistance. In order to achieve the best possible
membrane performance, it is essential to maintain an opti-
mum level of hydration.”®”"

For water uptake measurements, the process involves sev-
eral steps. First, the membrane samples are converted to the
hydroxide form. Following that, they are dried until a consis-
tent mass is achieved and then weighed, while the length of the
membrane is measured. Next, these dried membrane samples
are placed in a sealed container filled with water, typically for a
period of 24 hours. After the immersion period, any excess
surface water on the membranes is quickly removed by wiping
with tissue paper. Immediately after this, the membranes are
weighed and their dimensions are measured. The collected
data from these steps are then used to calculate two impor-
tant parameters: water uptake (WU) and swelling ratio (SR).
In essence, this process assesses how much water the mem-
brane can absorb and how much it swells when submerged,
providing valuable information about its water-handling
characteristics.'® Zheng et al.”? investigated fluorinated and
hydrocarbon-based AEMs to explore role of water uptake and its
kinetics. The authors found a characteristic time for water
uptake for AEMs that varies with the polymer backbone,
membrane structure, temperature and humidity level. Xu et al.”
demonstrated the importance of anisotropic swelling with hydra-
tion of the AEM, which facilitates ion transport effectively by
filling the gap between the interface of the catalyst layer and the
membrane.

3.3.4 Alkaline stability. Highly reactive OH ™ ions degrade
the cationic head attached to the polymer membrane at
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temperatures above 60 °C via several mechanisms, e.g., Hoff-
man elimination, nucleophilic substitution reaction, and for-
mation of reversible ylides through the attack of hydroxide
ions at the alpha-hydrogen position.”*””® It is also found that
nitrogen-based cationic groups are more chemically stable
compared to phosphonium or sulfonium.”” Li et al.”® presented
the role of a quaternized polystyrene-based electrode binder at
very high pH to address the alkaline stability of the electro-
lysers. Heterocyclic anion-exchange groups, such as imidazo-
lium or pyridinium, demonstrate superior stability due to their
conjugated structure and steric hindrance.”® The degradation is
not limited solely to the cationic head; instead, the polymer
backbone, which includes electron-withdrawing groups like
ether bonds, also tends to deteriorate when exposed to an
attack. Su et al.® prepared a novel aryl-ether-free piperidi-
nium-functionalized SEBS (SEBS-Pi) alkaline membrane. The
SEBS-Pi membrane demonstrates excellent resistance to alka-
line conditions, as it remains stable for 576 hours at 80 °C in a
1 M KOH solution. Furthermore, it retains high levels of ion
exchange capacity and conductivity, and there are no apparent
alterations in its FT-IR spectra, indicating its robust resistance
to an alkaline environment. Min et al.®" reported an approach
to designing a stable AEM in an alkaline environment by
crosslinking two different aryl-ether-free polymers, poly(m-
terphenyl N-methyl piperidine) (PmTP) and poly(styrene-b-
ethylene-co-butylene-b-styrene) (SEBS). The membrane dis-
played exceptional alkaline stability by retaining approximately
99% of its initial conductivity and IEC, even after being
immersed in a 2 M KOH solution at 80 °C for a duration of
600 hours. Yuan and team®” introduced an innovative method
to create a stable AEM by employing an organometallic cationic
head. They utilized poly(isatin biphenylene) as the hydrophobic
polymer backbone and [Cp-Fe-toluene]" as the hydrophilic
cationic head. Remarkably, the resulting membrane exhibited
exceptional durability, lasting for 1000 hours in 1 M KOH at
60 °C, while retaining 81.4% of its hydroxide conductivity.

The Dekel and Diesendruck group have put immense efforts
into systemically examining the alkaline stability of AEMs,
specifically targeting quaternary ammonium cation heads with
various polymer backbones.®*®” The kinetic stability of qua-
ternary ammonium cations is greatly influenced by membrane
hydration and low hydration is less favourable for prolonged
stability of the membrane. The authors suggested that the
isoindolinium group can be a very good alternative for replace-
ment of quaternary ammonium cation heads at low hydration
or under dried conditions.®

A well-planned molecular design to enhance the alkaline
durability of AEMs was introduced by Wang and team.®® Rather
than altering the polymer backbone or introducing a new
cationic headgroup, the authors showed that a simple positional
isomerization of the piperidinium linkage can significantly
improve membrane durability. Notably, both conventional PAP
and the isomeric i-PAP share the same ether-free arylene back-
bone and identical piperidinium cations; the only structural
difference lies in the attachment position of the nitrogen atom.
This subtle yet important modification alters the local molecular

© 2026 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/d6ya00028b

Open Access Article. Published on 10 March 2026. Downloaded on 4/21/2026 9:03:36 PM.

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

(cc)

Energy Advances

geometry around the cationic center. As a result, the dominant
Hofmann elimination pathway is significantly suppressed,
leading to enhanced alkaline stability without compromising the
original backbone or polymer structure. After immersion in 10 M
aqueous NaOH at 80 °C for 360 h, the decomposition of piper-
idinium groups in the isomeric i-PAP membrane was approxi-
mately half of that observed in the conventional PAP membrane.

Another approach by Liu and coworkers® reported the
development of poly(diphenyl carbazole)-based AEMs incorpor-
ating multi-cationic alkoxy side chains. By precisely tuning the
alkoxy chain in terms of carbazole content, the authors
reported ordered ion transport channels through multi-cation
dipole interactions, achieving high hydroxide conductivity of
154.6 mS cm ™' at 80 °C. Importantly, the introduction of an
alkoxy chain (QPDPC-O-20) rather than only an alkyl chain
(QPDPC-C-20) enhanced alkaline stability by promoting stron-
ger intermolecular interactions and better water regulation,
leading to 98.3% conductivity retention after 2000 h in 1 M
KOH. However, after 600 hours in an alkaline solution of 5 M
KOH, the QPDPC-O-20 membrane was able to maintain about
71.4% of its original conductivity, while the QPDPC-C-20
membrane retained 63.2%, indicating better stability of the
alkoxy-modified membrane.

Wang et al.’" investigated poly(biphenylene alkylene)-based
AEMs, PBPAnQA (n = 4, 5, 6), where n represents the alkylene
spacer length between the backbone and the quaternary ammo-
nium groups. The main objective was to systematically inves-
tigate how spacer length influences alkaline stability. The
membranes were immersed in 5 M NaOH at 80 °C for 1000 h.
Changes in chloride conductivity at 80 °C and structural varia-
tions from '"H NMR spectra were analyzed before and after
alkaline treatment. After 1000 h aging, PBPA6QA (with a
hexylene spacer) showed a conductivity decrease of only 21%,
from 42.5 to 33.4 mS cm ™. In contrast, PBPA5QA and PBPA4QA
exhibited higher conductivity losses of 35% and 46%, respec-
tively. This trend was consistent with the extent of QA cation
degradation: 18.3% for PBPA6QA, 22.7% for PBPA5QA, and
35.2% for PBPA4QA. The results clearly demonstrate that
increasing the alkylene spacer length enhances alkaline
stability.

3.3.5 Mechanical stability. Mechanical stability of AEM
mainly depends on the polymer backbone. Mechanical degra-
dation happens mainly because of the physical and chemical
stress present in the fuel cell. An optimal amount of IEC, and
appropriate WU and SR are necessary to maintain the mechan-
ical strength of an AEM. The ASTM D-1708 method is used to
evaluate the mechanical properties of AEMs, including tensile
strength, modulus of elasticity, and elongation at break. Cross-
linking of membranes helps in increasing the mechanical
strength of AEMs.'”> The crosslinked membrane designed
by Min et al.®' exhibited Young’s modulus of 486 MPa and a
high elongation at break of 70.3% at a crosslinking degree of
40%. Chen and their research team®® created an alternative
crosslinked membrane by combining di-piperidinium and poly-
(fluorenyl-co-terphenyl piperidinium), allowing for a customizable
alkyl spacer. This engineered membrane exhibited favorable

© 2026 The Author(s). Published by the Royal Society of Chemistry
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mechanical characteristics, including a tensile strength of around
90 MPa and an elongation at break of approximately 35%.
To tackle the balance between the conductivity and stability of
AEMs, Guo et al®* designed an AEM using a PBI copolymer
containing norbornene, the crosslinked network being obtained
via the ‘thiol-ene’ click chemical reaction during membrane
fabrication. The fabricated membrane exhibited a tensile strength
of 47.75 MPa, elongation at break of 31.89% and SR of less than
15%. Das and team®® developed a series of ionically cross-linked
AEMs by blending pyridine-bridged polybenzimidazole (PyPBI)
and N-spirocyclic quaternary ammonium spiro ionene polymer
(SP). The membrane showed a maximum tensile strength of
35.23 MPa and elongation at break of 37.14%.

Researchers have been actively conducting extensive studies
at both experimental and theoretical levels to preserve specific
properties and develop a suitable AEM. Substituted imidazo-
lium groups generally exhibit higher alkaline stability than
unsubstituted imidazolium due to reduced proton abstraction
and improved steric protection. In piperidinium-based AEMs,
N-methyl substitution at the 3-position results in superior
alkaline stability compared to substitution at the 4-position,
as reported in the work of Peng et al.°® These efforts aim to
enhance hydroxide conductivity while ensuring the membra-
ne’s chemical and mechanical stability, along with balancing
the IEC and water uptake. Motealleh and co-workers®” evalu-
ated the durability of an imidazolium-functionalized AEM
based on styrene (Sustainion) polymer and found a stable
performance of 1 A cm™> at 1.85 V for potential commercial
application.

4 Synthesis methods of
anion-exchange membranes
4.1 Solution-casting method

The most promising conventional method for production of
AEMs is the solution-casting method (see Fig. 3). This process
has four steps: dissolving the polymer, adding a functional
group by chloromethylation, quaternizing it and casting it as a
film. This method applies to soluble polymers, copolymers and
their blends. The procedure involves dissolving the chosen
polymer in a compatible solvent to form a uniform solution.
Then the cation functional group is introduced via chloro-
methylation. This solution is subsequently spread or cast evenly
onto an appropriate surface. As the solvent gradually evaporates,
the polymer material solidifies, leading to the formation of a thin
membrane.”® Samsudin et al.*® designed a composite AEM apply-
ing the solution-casting method using poly(vinyl alcohol) (PVA),
poly(diallyldimethylammonium chloride) (PDDA), and nano-
zirconia (NZ). The designed membrane showed OH™ conductivity
of 31.6 mS cm ™' at ambient temperature. The incorporation of NZ
results in a low water uptake and swelling ratio. Wang et al.'®
used the solution-casting method in their synthesis process for
membranes. The authors used a triple block copolymer,
poly(styrene-b-(ethylene-co-butylene)-b-styrene), and quaternary
ammonium functional groups. The designed membrane showed
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Fig. 3 A schematic representation of different synthesis methods of AEMs.

an OH~ conductivity of 72.13 mS cm ', swelling ratio of 9.3% and
current density of 350 mA cm™ " at 80 °C.

4.2 Radiation grafting

Radiation grafting involves grafting of the functional groups
onto the polymer membrane using radiation such as gamma
rays or electron beams. This process starts with a pre-existing
polymer substrate. The polymer substrate is then exposed to
ionizing radiation, which generates radicals within the polymer
matrix. The generated radicals initiate a grafting reaction
between the polymer matrix and the selected monomer functional
groups, leading to the integration of functional groups.**® Wang
et al.'® reported hydroxide ion conductivity of 200 mS cm™ ' at
80 °C using a 30 um thick LDPE (low-density polyethylene)-based
radiation-grafted anion-exchange membrane (RG-AEM). Biancolli
et al'® designed a radiation-grafted ETFE-based AEM and ana-
lysed the effect of irradiation conditions on the membrane. It was
observed that subjecting the membrane to ionizing radiation doses
below 40 kGy, while maintaining an inert N, atmosphere apart
from air, resulted in improved stability for the polymer backbone
and enhanced alkaline resistance of the membrane. Biancolli and

Energy Adv.

View Article Online

Energy Advances

Evaporation
> A

Desired Membrane

radical

Grafting

Post-polymerization functionalization

103

coworkers " illustrated the use of radiation and tailored thickness
of the polymer film to improve the ion-exchange capacity of AEMs.

4.3 Polymerization

Polymerization processes are divided into two main categories:
direct polymerization (DP) and post-polymerization functiona-
lization (PPF). In direct polymerization, cationic monomers are
created and then subjected to the polymerization process.
Conversely, in PPF, cationic functional groups are introduced
onto pre-formed polymer backbones.'** There are several types
of DP methods, which include ring-opening-metathesis poly-
merization (ROMP) and radical polymerization. The ROMP
method'® is used to polymerize cyclic alkenes. It involves the
opening of the ring structure to form linear polymer chains,
catalyzed by Ru complexes known as Grubbs’ catalysts.'***?”
Radical polymerization involves generation of radicals to initi-
ate polymerization reactions. Peroxides or azo compounds are
used to generate free radicals. Singh and coworkers'®® devel-
oped an innovative di-quaternized cross-linked AEM using 1,4-
bis(4-vinylbenzyl)-1,4-diazabicyclo[2,2,2]octane-1,4-diilum (BVDOD)
as a cross-linking agent and poly(vinylidene fluoride-co-hexafluoro

© 2026 The Author(s). Published by the Royal Society of Chemistry
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propylene) (DHPVDF-co-HFP) as the polymer backbone through the
radical polymerization method. Azobisisobutyronitrile (AIBN) was
employed by the researchers as an initiator for free radicals. The
newly created cross-linked AEM demonstrated an ion exchange
capacity of 1.02 x 102 equivalents per gram and a hydroxide ion
conductivity of 57 mS ecm™ " at a temperature of 30 °C. All the
membrane preparation methods are illustrated through pictorial
representations in Fig. 3.

5 Recent progress in anion-exchange
membranes

Researchers have implemented various strategies to address
issues such as the deterioration of the cationic head and the
instability of the polymer’s backbone. They have focused on
enhancing the conductivity of hydroxide ions and achieving a
well-defined morphology. These efforts have involved the crea-
tion of polymers with distinct structures, including block,
comb-shaped, graft, and cross-linked polymers that incorporate
cations (see Fig. 4). These structural modifications have led to
the formation of micro-phase separation structures, resulting
in improved conductivity, reduced swelling effects, and enhanced
stability in an alkaline environment. The key performance-
enhancement strategies can be identified as follows:

e Molecular structure engineering of cationic groups

e Polymer backbone optimization

e Crosslinking and network design

e Hydrogen-bonding network construction

e Branched and hyperbranched polymer architectures

e Grafting and side-chain engineering approaches

These strategies place emphasis on controlled phase separa-
tion, ion-channel formation, mechanical reinforcement, and
multiple hydrogen-bonding networks to improve dimensional
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stability, water retention, and ion transport efficiency. The
emerging design dimensions in AEM development demon-
strate performance competitiveness with proton-exchange
membranes,'®® supporting a rational approach to membrane
engineering.

Recent research has focused on creating multiple hydrogen-
bonding sites within the polymer structure to facilitate efficient
OH ion transport and enhance the overall performance of the
AEM. In this context, Wang and group''® developed an AEM
based on a poly(oxindole benzofuran) backbone incorporating
quaternary ammonium functional groups for efficient OH ion
transport. In addition to the oxindole moieties, hydroxyl (-OH)
groups were introduced into the side chains to promote multi-
ple hydrogen-bonding interactions. The P(O-Fsgo,-C500)-GTA
membrane demonstrated a high hydroxide ionic conductivity
of 103 mS cm ™' at 80 °C. The membrane maintained acceptable
mechanical strength (8.6 MPa). The ex situ alkaline stability
tests revealed that the membrane retained more than 80% of its
initial conductivity after 600 h.

Peng et al.''" studied a poly(terphenyl)-based AEM functio-
nalized with quaternary ammonium groups along with incor-
poration of heteroaromatic units (e.g., thiophene/furan units).
The results indicated that introduction of thiophene units into
the polymer backbone significantly enhanced membrane per-
formance with QP(TP3y-co-DBTy,) showing a hydroxide con-
ductivity of 120 mS cm ™" at 80 °C, mechanical strength of
26.6 MPa, and a relatively low volume swelling ratio of 34.6%.

In the study conducted by Li and co-workers,"** an AEM was
developed using polyphenylene oxide (PPO) that featured a
comb-like structure. The cationic heads consisted of quaternary
ammonium and were linked to a lengthy alkyl chain. This
substantially decreased the swelling ratio and decreased the
probability of nucleophilic attack of hydroxide ions on the
cationic head. Zhang et al.'*® developed a bent twisted block

Block G. O, Grafted o i )
O
ploceh Block-B > @ N
’ @ Cationic Head
Clustered

Comb-Shaped

9 !\/\fPolymer Chain

4 &

Fig. 4 A schematic representation of different types of polymers from AEMs (recreated from Xu, Su and Lin,®* copyright 2020).
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copolymer with 1,2-dimethyl imidazolium cations and attained
a hydroxide conductivity of 35 mS cm ™" at room temperature.
The fuel cell employed with this membrane showed a peak
power density of 262 mW cm ™2 at 50 °C. Chen et al.'*® created a
graft polymer using perfluorinated poly(diphenylene) with the
alkoxy side chain of a piperidinium quaternary ammonium
salt. A well-defined microphase-separated structure was found
that improved the ionic conductivity. Their group analyzed the
membrane by taking different lengths of side chains and
witnessed an ionic conductivity of 80 mS cm ™' at 80 °C; the
swelling ratio was also low at approximately 17.1%, and the
power density was about 1.008 W cm ™2 for the long-side-chain
polymer. Wang and team'” crafted a branched poly(p-ter-
phenyl triphenylmethane 1-methyl piperidine) anion-exchange
membrane and reported a high hydroxide conductivity and alka-
line stability. To boost conductivity, the branched membrane was
crosslinked using multiple cations. The cross-linked version
showed a tremendous increase in hydroxide conductivity of about
155.3 mS cm™ " at 80 °C. Wu et al.'*® created an anion-exchange
membrane composed of branched poly(aryl piperidinium). The
synthesized membrane showed minimal water absorption and
swelling. The research team discovered that this branched
membrane displayed outstanding resistance to alkaline condi-
tions and demonstrated a commendable hydroxide conductivity
of approximately 145 mS cm ™" at 80 °C. Lee et al."*® produced an
anion-exchange membrane utilizing Nafion and Aquivion-based
perfluorinated precursors with trimethyl ammonium (TMA)
cations. The authors conducted a comparison of properties like
conductivity, morphology, and alkaline stability between Nafion
and Aquivion-based AEMs and a commercial hydrocarbon-based
Fumatech ionomer. The results indicated that all three mem-
branes exhibited a phase-separated structure. The perfluorinated
membrane displayed more pronounced phase separation due to
its exceptionally high hydrophobic characteristics. Furthermore,
the impact of relative humidity on membrane conductivity
showed that perfluorinated membranes consistently exhibited
superior conductivity at all humidity levels when compared with

Fig. 5
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commercial Fumatech membranes. Lai et al.'" synthesized an
AEM using block polymer poly(arylene ether nitrile ketone)
(QFPENK-m-n) as a main chain, combining it with comb-shaped
alkyl side chains. The morphology of QFPENK-m-n with varying m
and n values is shown in the Fig. 5a-f. The AEM showed a well-
defined phase-separated microphase morphology and hydroxide
conductivity up to 34.3 mS cm™ " at 30 °C and 102.1 mS cm™ ' at
80 °C. It was also observed that an increase in the hydrophobic
segment resulted in a reduction in both water uptake and the
percentage SR (see Fig. 5g).

Huang et al.'** designed an AEM using poly(p-terphenyl-co-
1,2-diphenyl ethane piperidinium) (PDTP). To produce a high-
performance AEM named ‘PDTP-BMP-xC’, their procedure
included the crosslinking of the PDTP backbone, wherein the
variable ‘x’ denotes the extent of the crosslinker’s length. It was
observed that PDTP-BMP-6C exhibited a conductivity of
104.61 mS cm~ " when measured at 80 °C. Additionally, its
power density at the same temperature reached 214 mW cm 2.
The micro-phase morphology structure for the crosslinked
membrane PDTP-BMP-xC can be seen in the Fig. 6.

Chen et al.'*' designed a poly(crown ether) (PCE)-based
AEM-QAPCE-xC, where x represents the length of the alkyl
chain. A quaternary ammonium cationic side chain was
employed, and the PCE backbone was crosslinked using var-
ious alkyl chain lengths. Reportedly, QAPCE-16C exhibited an
impressive ionic conductivity of 125 mS cm™ " at 80 °C. Further-
more, QAPCE-16C demonstrated favorable dimensional stabi-
lity, as well as robust mechanical and thermal durability.
Mandal et al.*** investigated the role of homopolymer, random
and block polymerization in poly(norbornene) AEMs. The
authors found that block-polymer performance had an edge
over the random polymer structure, with a power density of
3.21 W em 2. Caielli and team'?* achieved a remarkable result
in hydroxide conductivity, reaching 185 mS cm ™" at a tempera-
ture of 80 °C. This was accomplished through the creation of a
membrane utilizing poly(aryl piperidinium) (PAP). Tao Wang
and coworkers'> documented an extraordinarily elevated

| (9)

(a) Digital photo of the membrane, and (b) membrane cross-section and (c) surface SEM images of QFPESK-10-10; AFM phase images of (d)—(f)

QFPESK-5-10, QFPESK-10-10 and QFPESK-15-10, respectively; (g) water uptake and swelling ratio of the QFPENK-m-n AEMs at different temperatures.
This figure has been adapted/reproduced from Lai et al.1*2 with permission from John Wiley & Sons, Inc., copyright 2024.
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Fig. 6

(a)—(c) Digital photos of the PDTP, PDTP-BMP-3C and PDTP-BMP-6C membranes immersed in DMSO; (d)-(f) TEM images of the membranes.

This figure has been adapted/reproduced from Huang et al.'** with permission from Elsevier, copyright 2023.

hydroxide conductivity of 227.8 mS cm™ " at 80 °C, employing
an AEM based on poly(arylene alkylene). Their research group
created a membrane composed of a poly(g-tetraphenylene-
co-p-terphenylene alkylene) rigid backbone, integrating the
quaternary ammonium cationic functional group. Wu and co-
workers'*® pursued a method for creating a notably effective
AEM by applying a fluorination technique to the structure of
poly(aryl piperidinium) (PAP). As a result, the fluorinated anion-
exchange membrane (FPAP) displayed exceptional dimensional
stability with a SR below 20 percent. The membrane exhibited
remarkable mechanical characteristics, and the researchers
observed tremendously high conductivity exceeding 150 mS cm ™"
at 80 °C.

Zhang and their research team'® utilized covalent organic
frameworks (COFs) to create an AEM. They synthesized a
composite AEM by combining COF-DhaTGg, with PPO. Initially,
they prepared a few-layered nanosheet structure using COF-
DhaTGg, and then introduced quaternary ammonium-func-
tionalized PPO into these nanosheets. Their findings showed
that at a doping level of 20 wt%, the conductivity of OH™ ions
reached 148.65 mS cm™ " at 80 °C, while at a doping level of
30%, the conductivity was measured at 136.52 mS cm ™" at the
same temperature. The reason for this decrease in conduc-
tivity can be attributed to the aggregation of COF-DhaTGg
nanosheets within the membrane, which hinders the internal
conduction pathways. Ju et al.'®” conducted synthesis of an
AEM based on poly(arylene ether ketone). They achieved this by
employing Friedel-Crafts acylation, followed by the introduc-
tion of imidazole cationic groups through a bromination
reaction. Their work yielded impressive results, with the AEM
displaying its highest hydroxide conductivity of 126.6 mS cm™"
at an operating temperature of 80 °C. Additionally, they
observed a peak power density of 389.71 mW cm . A partially

© 2026 The Author(s). Published by the Royal Society of Chemistry

fluorinated membrane (PFBE-co-VBC) with quaternary ammo-
nium functional groups was successfully created by Hosimin
and co-workers."*® The researchers also created a blended AEM
by combining PFBE-co-VBC with PVDF. Analysis using FE-SEM
revealed an interconnected network structure in the AEM (see
Fig. 7). The blended membrane, with a 1: 1 ratio, demonstrated
an ion conductivity of 1.0 x 107> S em ™" and an ion-exchange
capacity of 1.7 mmol g~ .

Arunkumar and team'?*® devised a method to enhance the
properties of the commercially available FAA3 AEM. They
achieved this by incorporating carboxylic-acid-functionalized
graphene nanofibers into the FAA3 matrix. Introducing these
graphene nanofibers significantly improved the electrochemi-
cal performance and chemical stability of the FAA3 membrane.
The original FAA3 membrane had a hydroxide conductivity of
28.7 mS cm ™', whereas the nanocomposite membrane with
1.70 wt% of nanofibers showed an enhanced conductivity of
58.8 mS cm ™' at 90 °C. Lee et al."*® created various PPO-based
AEMs with quaternary ammonium groups having different
side-chain lengths. Their observations revealed that when the
lengths were similar, the crosslinked membranes demon-
strated superior alkaline stability in comparison to their non-
crosslinked counterparts. Specifically, the crosslinked cQPH
membrane with a hexyl acyl chain exhibited an anion conduc-
tivity of 105 mS em ™" at 80 °C due to effective phase separation.
The various attempts in the recent development of novel AEMs
and their performance are provided in Table 3.

Hu et al."*® focused on backbone structure modification by
introducing alkyl spacers of varying lengths (n = 0, 1, 2, 6, and
10) into poly(aryl-co-terphenyl piperidinium) (PD,TP-x) poly-
mers. Short spacer membranes (n = 0-2) exhibited efficient
ionic aggregation and continuous hydroxide transport path-
ways, achieving conductivities exceeding 150 mS cm ™" at 80 °C.
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Fig. 7 FE-SEM cross-sectional images of a blended anion-exchange membrane (1:0.33). This figure has been adapted/reproduced from Hosimin

et al1?°

Notably, the PD,TP-x membrane delivered a record peak power
density of 2.67 W em 2. Conversely, Kim et al."*' employed a
side-chain modification strategy, keeping the same polymer
backbone and cationic head as in the work of Hu and group, in
which a hexyl alkyl chain spacer was introduced between the
rigid polymer backbone and the cationic head group. This
architecture promoted distinct microphase separation and
optimized water management, leading to hydroxide conduc-
tivities exceeding 120 mS ecm™ " and peak power densities up to
1.47 W em 2. Overall, these studies demonstrate that precise
molecular-level modification, either through backbone or side-
chain modifications, critically enhances ion transport, stability,
and fuel-cell performance, underscoring the strong structure-
modification-performance relationship in AEM design.

6 Computational approach to
anion-exchange membranes

Computational techniques provide a deep understanding of
molecular interactions, enabling researchers to adapt proper-
ties for specific applications. Through simulations, researchers
can predict the performance of membranes before their actual
synthesis. The requirement for extensive experimental trials is
considerably reduced by computational simulations, resulting
in faster and more affordable membrane design."*”"'*® Gu
et al.* analysed different N3-substituted imidazolium-based
AEMs, with 1,2-dimethyl-3-isopropylimidazolium [DMIIm]’,
1,2-dimethyl-3-butyl imidazolium [DMBIm]', and 1,2,3-trimethyl-
imidazolium [TMIm]" ions, in aqueous solution through density
functional theory. They reported that [TMIm]" exhibited the low-
est LUMO energy; hence, the probability of getting degraded by
the nucleophilic attack of hydroxide ions is greater. Thus,
[TMIm]" is least stable in an alkaline environment compared to
[DMIIm]" and [DMBIm]". [DMIIm]" exhibited the highest LUMO
energy; therefore, it is considered the stable cationic head in an
alkaline environment. Park and team™® conducted molecular
dynamics simulations to analyze the impact of functional groups
on hydrocarbon anion-exchange membranes. The investigation
focused on ethyl imidazolium (EI) and quaternary ammonium
(QA) functional groups within the poly(arylene ether sulfone)
(PES) backbone. The study involved calculating the mean-
square displacement of OH  ions in both hydrated EI-PES and

Energy Adv.

with permission from the Royal Society of Chemistry, copyright 2023.

QA-PES systems at two distinct temperatures, 293 K and 353 K.
Notably, the mean square displacement was observed to be
highest in hydrated EI-PES at 353 K, signifying that EI-PES
exhibited the highest conductivity among the examined groups.
Moreover, through their analysis from radial distribution func-
tions, it was found that EI-PES has greater alkaline stability
compared to QA-PES. Takaba et al.'*' carried out modelling of
poly(arylene ether sulfone ketone)-based membranes containing
fluorenyl groups and showed that OH™ ion transport is mainly
governed via surface diffusion of H;O, . Zhang et al.">* analyzed
three different types of AEMs based on poly(ether sulfone)
(QAPIPPES), poly(phenylene oxide) (PI-PPO), and poly(aryl piper-
idinium) (PAP-BP). Through MD simulation, it was found PAP-BP
showed a lower SR and efficient transportation of hydroxide ions
(see Fig. 8). The obtained outcomes were also closely aligned with
the experimental findings. Sepehr and research group">* explored
the hydrated morphology and microscopic arrangement of
a triblock copolymer, polystyrene-b-poly(ethylene-co-butylene)-b-
polystyrene (SEBS), with alkyl-substituted quaternary ammonium
cationic functional groups. This investigation employed Dissipa-
tive Particle Dynamics (DPD) simulation to gain insights into the
molecular morphology. The conclusion drawn was that the
membrane’s morphology was influenced by the degree of hydra-
tion. Zadok et al' demonstrated the dominance of the
hydroxide-paired structure over the conventional hydrated struc-
ture of hydroxide ions around the ammonium cations of AEMs
and found a stable two-hydroxide ion-paired structure as a
complex with water/ammonium groups.

Zelovich et al.™® investigated the effect of temperature on
hydroxide ion diffusion, using quaternary trimethylammonium
ions as a functional group, computationally using ab initio
molecular dynamics (AIMD) methods as well as experimentally
using "H pulsed field gradient (PFG) nuclear magnetic reso-
nance (NMR). For their theoretical investigation, a graphene
bilayer served as the polymer backbone, and to validate their
theoretical predictions, polysulfone (PSU)-based AEMs with
TMA were utilized in their experimental analysis. In their
examination, a notable increase in the diffusion of hydroxide
ions at temperatures exceeding 400 K was observed. Further-
more, an unusual and distinct pattern in hydroxide ion diffu-
sivity was detected. A kink around 350-400 K was observed,
indicating that it is possible to achieve enhanced hydroxide ion
diffusion at temperatures above the local minimum of the kink.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Hydroxide ion conductivity attained using different pendant subgroups (hydration level is given by /)
OH™ 1EC Water Tensile
conductivity (mmol uptake  strength
Polymer backbone with pendant subgroups (mS em™) g (%) (MPa) A Ref.
Q CFy o
OO m War s s %
o 62.7 at 80 °C  1.48 77.5 9.2+ 1.9 29.1 Lin et al.'*?
®
N
+ H
H
" 88 at 80 °C 1.35 53.83 47 23 Patil et al.***
99 at 80 °C  2.87 189 +5 — 34 Zhu et al.**
n
63.4 at 80 °C  2.09 36.9+3713+14 — Lin et al.**®
125at 70 °C  2.31 76 — — Cha et al.***
51 at 80 °C 1.57 54 — 17 Pham et al.™*’
146 at 80 °C  1.73 103 — 30 Pham et al.™*’
X 100-X
EN» 89.7 at 60 °C  1.65 101 £ 5.2 15.5 34 Park et al.™*8
N®
Iyl
| |
c-C
I 1 Jm
H O
" 145 at 80 °C ~ 2.87 104 +9 30 20+ 2 Wangetal'
=
|
o
/T\
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Table 3 (continued)
OH™ 1IEC Water Tensile
conductivity ~(mmol uptake  strength

Polymer backbone with pendant subgroups (mS em™) g ! (%) (MPa) A Ref.
106 at 80 °C  1.93 46.1 7.4 — Zhang et al.**°
163 at 80 °C  2.82 73 71 — Chen et al.***
204.8 at 90 °C 2.76 54.9 52.2 + 1.6 — Yuan et al.'**
104.2 at 80 °C 1.47 101 60 — Liu et al.**?
135.25 2.29- 3.48- 144
at 80 °C 2.60 38.5 35 8.95 Gao et al.

o 2.29- 3.48- 144

109.12 at 80 °C 2.60 15 60 8.95 Gao et al.
128.9 at 80 °C 2.52 86.9 29.2 8.7 Hu et al.**®
86.6 at 80 °C  2.34 20 57 — Liu et al.'®?
144.7 at 80 °C 2.82 169.9 42 — Jeong et al.**®

Pan and co-workers'*® analyzed an olefinic-based anion-exchange
membrane with different types of mono and di-cationic func-
tional groups, both experimentally and theoretically. From their
investigation, it was concluded that di-cationic functional groups
exhibit better stability and conductivity, a smaller swelling ratio
and better water uptake. Lee et al."”” employed DPD mesoscale
simulations to examine PPO with TMA cations under varying
hydration levels and IEC. The simulation results indicated that
higher hydration levels led to increased water and anion diffu-
sivity, aligning with experimental findings. Additionally, the

Energy Adv.

research revealed that elongating the hydrophobic alkyl chain
augmented the enhanced phase-separation between hydrophilic
and hydrophobic domains. Luo and co-workers*>® examined the
water-induced structure of SEBS with quaternary ammonium
through mesoscale DPD calculations. Their study revealed that
elevating the hydration level changed the structure from perfo-
rated and interconnected lamellae to a perfect lamellae.

Li et al.™® performed molecular dynamics simulations to
understand the effect of side-chain position on hydroxide
transport. Their research groups developed three types of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(a) Polymer structures; snapshots of systems (b) QAPIPPES, (c) PI-PPO, and (d) PAP-BP respectively at 4 = 18; diffusion coefficients of (e) water

molecules and (f) hydroxide ions in AEMs; MD snapshots of backbone segments with neighbouring water molecules and hydroxides in (g) QAPIPPES, (h)
PI-PPO, and (i) PAP-BP. Panels (b)—(i) have been adapted/reproduced from Zhang et al.*>2 with permission from Elsevier, copyright 2022.

long-side-chain poly(arylene indole piperidinium) anion-exchange
membranes (AEMs): tadpole-chain configuration (t-PITPC10),
pendant-chain arrangement (p-PITPC10), and a configuration
where side chains are connected to the backbone but separated
from the cationic groups (a-PITPC10). The simulation outcomes
revealed that among the three, a-PITPC10 exhibited greater
efficacy in improving the transport of hydroxide ions (see
Fig. 9). Kim and their research team'® conducted molecular
dynamics simulations to investigate how different functional
groups affect the behavior of hydroxide ions in hydrated
poly(ether ether ketone) (PEEK) with ammonium -cationic
heads. During the simulations, they systematically varied the
concentration of functional groups, ranging from 0 to 40 mol%.
Their findings indicated that as the amount of functional
groups and water increased, the diffusion of ions also
increased. However, they observed that when a large quantity
of water was introduced into the simulation environment, it led
to a lower polymer density and weakened connections between
ionic sites. A combined study of DFT-based calculations and
molecular dynamics simulations was conducted by Di Salvo
and co-workers'® to analyse the effect of IEC on diffusion of
hydroxide ions in AEMs. The ab initio calculations accurately
projected the water absorption levels at various IECs, aligning

© 2026 The Author(s). Published by the Royal Society of Chemistry

well with the experimental observations. The study identified a
critical IEC range of 1.2-1.7 meq g ', within which the AEM
experience excessive swelling.

Recently, Zelovich et al.'®* analyzed the impact of functional
groups on the diffusion of hydroxide ions and water in anion-
exchange membranes using ab initio molecular dynamics
(AIMD) techniques. Two distinct functional groups, trimethyl
alkyl ammonium (TMA) and imidazolium (IMI), were employed
in the investigation. A graphene bilayer served as the polymer
framework. Their findings revealed that hydroxide ion diffu-
sion was similar for both functional groups when temperatures
exceeded 400 K. However, when temperatures dropped below
350 K, the TMA functional group exhibited greater hydroxide
ion diffusivity. Conversely, in the case of IMI, higher water
diffusivity was observed across all temperature ranges.
Enhanced water diffusivity reduces the risk of cathode dehy-
dration. Sharma et al.*®® employed a molecular dynamics study
using a quaternary ammonium functonalized Nafion membrane
at varying hydration. The authors found a significant role of
hydration in distinct inter-chain and intra-chain pendant group
interactions with hydroxide ions. A coarse-grained molecular
dynamics simulation was carried out by Chen and co-workers'®*
to explore two PEEK-based AEMs containing different types of

Energy Adv.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ya00028b

Open Access Article. Published on 10 March 2026. Downloaded on 4/21/2026 9:03:36 PM.

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

(cc)

View Article Online

Energy Advances

Review
c) 95
—u—PITP
9.04 —v—t-PITPC10
—A—p-PITPC10
~8.5 a-PITPC10
= 8 /
@
E 8.0 1 /
3
Y]
255 / )
N ./
7.0 4 / The first hydration shell around o= ~\\ The second hydration shell
n cationic groups (3.3-6.14) “\O," around cationic groups(6.1-7.84)
6.5 T T T The hydroxide shell around @ Nitrogen @ Oxygen
3 6 9 12 { cationic groups(3.4-8.0A) C Hydrogen @ Carbon
Hydration number
Fig. 9 (a) Chemical structures of poly(arylene indole piperidinium) AEMs: without a side chain (PITP), with a tadpole chain (t-PITPC10), with a pendant

chain (p-PITPC10), and with side chains connected to the backbone separated from the cationic groups (a-PITPC10); (b) snapshots of ion transport
channels in AEMs at 4 = 13; (c) distances between the adjacent cationic groups in AEMs at different hydration numbers; and (d) schematic diagram
of adjacent hydration shells in a-PITPC10 at 4 = 13. Panels (b)—(d) have been adapted/reproduced from Li et al'>® with permission from Elsevier,

copyright 2023.

side chains: one containing single quaternary (SQ) and the other
containing gemini quaternary (GQ) ammonium groups. The
simulation results demonstrated enhanced ionic conductivity in
the case of GQ. The improvement was attributed to an increase in
IEC rather than the self-diffusion coefficient, as both SQ and GQ
exhibited similar self-diffusion coefficients in the simulations.
Additionally, the study revealed that more water molecules sur-
rounded the OH ™ groups for GQ, potentially contributing to its
superior alkaline stability compared to SQ.

Ma and his research team'®® examined the impact of incor-
porating a polar cyano-group side chain in poly(biphenyl
piperidine-trifluoroacetophenone)-based AEMs, both theoreti-
cally and experimentally. Their findings revealed that AEMs
containing the polar cyano group exhibited favorable ionic conduc-
tivity, improved mechanical properties, clearer microphase

Energy Adv.

separation structures, and lower SR and WU. Through mole-
cular dynamics simulations and experimental analysis, they
demonstrated that AEMs with cyano-group side chains mana-
ged to strike a balance between high ionic conductivity
and dimensional stability, addressing the inherent trade-off
challenge in AEMs.

Chen and team'®® investigated the effect of block size on
hydroxide solvation and transportation in a diblock copolymer
(PPO-b-PVBTMA). During their simulation, they kept the num-
ber of PVBTMA ions, hydroxide ions, and water molecules
constant while increasing the PPO block count. Their findings
revealed that an increase in the PPO block resulted in the
constriction of water channels within the system. This constric-
tion was supported by the reduction in the coordination
number of water molecules around cationic groups and

6

© 2026 The Author(s). Published by the Royal Society of Chemistry
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hydroxide ions, leading to a decrease in the diffusion constants
of both hydroxide ions and water molecules. A study analyzing
the impact of high-temperature operation on AEMFCs was
conducted by Yassin and team.'®” Using molecular studies,
an increase in the AEMFC performance stability was found as
the temperature increased from 45 °C up to 120 °C. Addition-
ally, their findings indicated that when operating an AEMFC at
a current density of 0.6 A cm?, the degradation rate constant
decreases as the temperature increases. In a separate research
endeavor, Yassin and group'®® investigated the impact of
membrane thickness on AEMFC fuel cells. They conducted a
comprehensive study, combining theoretical analysis with
experiments, focusing on commercially available FAA-3 AEMs
with varying thicknesses, ranging from 5 to 50 micrometers
(um). The results revealed that reducing the thickness from
30 to 20 pm led to a moderate improvement in cell perfor-
mance. However, a further reduction to 5 um resulted in a
significant enhancement in performance. Additionally, the
researchers explored the influence of membrane thickness
using two different cathode catalysts, Pt/C and Fe-N-C. In both
cases, a decrease in membrane thickness led to an improve-
ment in cell performance.

Sharma et al'® investigated poly(ether ether ketone)
(PEEK)-based membranes, primarily focusing on PEEK functio-
nalized with trimethylammonium. In addition to PEEK-TMA,
variations in alkyl chains and different cationic functional
groups were examined to understand their influence on
membrane behavior. From a computational perspective, the
work employed all-atom molecular dynamics simulations using
the GAFF force field, with the TIP3P water model, implemented
in GROMACS. The systems were equilibrated under the NPT
ensemble, followed by annealing cycles and extended produc-
tion runs. Different hydration levels (1 = 5-25) were considered
to systematically study the effect of water content on membrane
morphology and ion transport. Importantly, the computational
predictions were supported by experimental validation. The
simulated dry density (1220 + 4.2 kg m*) showed less than
10% deviation from the reported experimental range (1260-
1320 kg m™?), indicating accurate structural packing in the
model. Similarly, the predicted glass-transition temperature
(Tg) of 440-448 K was in close agreement with the experimental
range of 418-423 K, supporting the reliability of the simulation
approach. Furthermore, Pu and Sun'’® investigated two AEMs
containing piperidinium cationic head groups but different
polymer backbones, a triphenyl-based backbone (QAPPT) and
a quaterphenyl-based backbone (QAQPP) system. All-atom
molecular dynamics simulations were performed using the
OPLS/AA force field for the polymer chains, while the SPC/E
water model was employed to describe water molecules.

To validate the reliability of their simulations, the authors
first examined the dry-state membrane structure by calculating
the IEC; the simulated IEC values were 2.80 mmol g ' for
QAPPT and 2.31 mmol g for QAQPP, which showed close
agreement with the corresponding experimental values of
2.6516 and 2.2922 mmol g~ ', respectively. Beyond the dry state,
the fully hydrated membrane structures were also assessed

© 2026 The Author(s). Published by the Royal Society of Chemistry
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through swelling behavior. The calculated volume expansion
from dry to fully hydrated conditions was 18.1% for QAPPT and
0.6% for QAQPP. These trends matched experimental swelling
degree (SD) values of 9.5% for QAPPT and 2.3% for QAQPP.

7 Future perspectives and
development trends of AEMs

Recent progress in the AEM field underscores that structural
modification of the polymer and cationic head, as well as
the arrangement of its hydrophilic and hydrophobic domain,
plays a decisive role in enhancing ion transport, dimensional
stability, and alkaline durability. Significant improvements
have been achieved through the development of diverse poly-
mer backbones and pendant cationic groups, along with inno-
vative architectures such as block, comb-shaped, grafted,
branched, and cross-linked systems. These approaches not only
protect the integrity of cationic head-groups under highly
alkaline conditions but also promote the formation of well-
organized ionic domains that facilitate efficient hydroxide
transport while limiting excessive swelling. Despite these
advancements, several challenges remain before AEM-based
technologies can be fully commercialized, such as:

e Polymer and cation design: further improvement is still
needed in the polymer backbone and the attached cationic
groups so that the membrane can survive longer under strong
alkaline conditions.””" By carefully modifying the main poly-
mer structure and the side cationic groups, the overall alkaline
durability can be increased. One important approach is to
design cations that are sterically protected. In addition, removing
or avoiding B-hydrogen atoms in the cation structure can help
prevent common degradation reactions such as elimination and
nucleophilic substitution. Researchers are also studying multi-
cationic and dicationic functional groups, where more than one
positive charge is present, because these groups can provide
better chemical stability and ionic conductivity.

e Backbone rigidity: using an ether-free, fully aromatic
backbone can significantly improve stability under strong alka-
line conditions.””*"”* A rigid backbone helps reduce segmental
motion of the polymer chains, which minimizes water-induced
swelling. However, if the backbone becomes too rigid, ion
movement inside the membrane can slow down, which lowers
conductivity. Therefore, it is important to maintain a proper
balance between mechanical strength and chain flexibility to
allow efficient ion transport. Moreover, poly(aryl piperidinium)-
type backbones consistently provide improved alkaline durabil-
ity due to elimination of benzylic sites, particularly when paired
with sterically protected cyclic ammonium cations.

e Water management and hydration structure: hydroxide
ion transport inside the membrane mainly depends on how
water molecules surround the ions within the membrane
structure.'” If the membrane absorbs too much water, it
causes swelling. On the other hand, if there is not enough
water, the continuous pathways needed for OH™ movement get
disturbed, and ion transport becomes difficult. Therefore,
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future membrane designs should focus on creating well-
controlled and confined water channels that maintain a con-
tinuous pathway while avoiding excessive swelling.

¢ Role of Free Volume and chain dynamics: the free volume
present inside a polymer plays an important role in controlling
how water molecules move and how easily hydroxide ions can
travel through the membrane."””> When the free volume is
properly controlled, it can reduce the energy required for ion
transport and improve conductivity. However, if the free
volume becomes too high, it weakens the structure and reduces
stability. The density of chain entanglement in the polymer also
matters, as it influences mechanical strength. Side-chain engi-
neering enhances conductivity through phase separation but
often increases swelling unless constrained by crosslinking or
hydrogen-bonding networks. For developing next-generation
membranes, it will be very important to carefully evaluate these
parameters.

e Linking AEM to electrochemical performance: to clearly
understand how molecular design affects real device perfor-
mance, membrane properties such as ionic conductivity, swel-
ling behaviour, mechanical strength, and alkaline stability
must be tested under practical operating conditions, including
high current density, peak power density, elevated temperature,
and varying humidity.'”® Therefore, future studies may corre-
late molecular degradation mechanisms with voltage decay and
performance loss. The stability rankings are shown to depend
strongly on testing temperature, hydroxide concentration, and
hydration state and need to be accommodated in rational
design.

8 Conclusions

This review systematically highlighted the notable progress
achieved in the domain of AEMs, particularly polymer back-
bone and pendant group developments in AEMFCs. A thorough
approach was adopted in accentuating a range of efforts
encompassing experimental and molecular studies. To counter
the adverse impact of the highly alkaline environment on the
cationic functional group’s stability, researchers have innova-
tively devised various membrane structures, including block,
comb, and graft polymers. The innovative strategy of random or
block polymers serves dual purpose: (a) safeguarding the
integrity of the cationic head, and (b) promoting the formation
of a phase-separated membrane morphology. The optimization
of structural characteristics through various cationic heads has
made a significant impact on improvement of hydroxide ion
conductivity and durability. Other strategies encompass cross-
linking, polymer chain branching, and the integration of multi-
cationic functional groups as pendant moieties. This review
covers diverse membrane synthesis methodologies, encom-
passing distinct polymer backbones and cationic functional
groups. AEM success for the goal of future decarbanization'””
largely depends on integration of ionomer performance,
durability and effective electro-catalysts at commercially feasi-
ble cost.””®"7? It is noteworthy that increasing the side-chain
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length enhances conductivity but can also lead to greater
swelling. In contrast, cross-linking enhances dimensional sta-
bility, though it may decrease molecular mobility.

In addition, the assessment addresses the capability of
computational methodologies in scrutinizing AEM properties.
DFT methods have demonstrated their utility in evaluating the
stability of the cationic head connected to the polymer back-
bone. Molecular dynamics simulations have yielded insights
into the diffusion of hydroxide ions within the membrane.
Computational techniques have further enabled the analysis
of hydroxide ion conductivityy, WU, SR, and various other
membrane properties. Mesoscale calculations using DPD have
been used in investigating the membrane morphology. Despite
the remarkable advancements witnessed in recent years within
the AEM field, certain challenges remain. Tackling aspects such
as efficient water management, membrane stability under
elevated temperatures, and the identification of optimal oper-
ating conditions is pivotal for unlocking the full potential of
AEMFCs. With improved technology and machine-learning
methods, the roles of free volume'®® in the polymer matrix
and chain entanglements'”>'®! need to be explored in detail for
future generation AEMs. In summary, a decisive path through
AEMs may certainly come true and we may get closer to a fossil-
fuel-independent future with green and renewable energy.
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AEMFC Anion-exchange-membrane fuel cell
PEMFC Proton-exchange-membrane fuel cell
AEM Anion-exchange membrane

PPO Polyphenyleneoxide

TMA Trimethyl ammonium

WU Water uptake

SR Swelling ratio

QAPIPPES  Quaternary-ammonium-based piperidinium poly
ether sulfone

PAP-BP Biphenyl poly(aryl piperidinium)

PI-PPO Piperidinium polyphenyleneoxide

BMP 1-(6-Bromohexyl)-1-methylpiperidinium bromide

DFT Density functional theory

DPD Dissipative particle dynamics

Dha Dihydroxyterephthalaldehyde

TGCl Triaminoguanidinium chloride

IEC Ion exchange capacity
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