¥® ROYAL SOCIETY
PP OF CHEMISTRY

Chem Soc Rev

View Article Online
View Journal | View Issue

REVIEW ARTICLE

Aryl ether-free polymer electrolytes for

’ '.) Check for updates ‘
electrochemical and energy devicest

Cite this: Chem. Soc. Rev., 2024,

53,5704
d Chulsung Bae,*

2 Patric Jannasch, (2° Kenji Miyatake,
" Cy Fujimoto,? Steven Holdcroft, ©" John R. Varcoe,
JMichael D. Guiver ©2*™ and Yu Seung Kim @ *@

Eun Joo Park,
Kevin Noonan,
Dirk Henkensmeier,

Anion exchange polymers (AEPs) play a crucial role in green hydrogen production through anion
exchange membrane water electrolysis. The chemical stability of AEPs is paramount for stable system
operation in electrolysers and other electrochemical devices. Given the instability of aryl ether-
containing AEPs under high pH conditions, recent research has focused on quaternized aryl ether-free
variants. The primary goal of this review is to provide a greater depth of knowledge on the synthesis of
aryl ether-free AEPs targeted for electrochemical devices. Synthetic pathways that yield polyaromatic
AEPs include acid-catalysed polyhydroxyalkylation, metal-promoted coupling reactions, ionene synthesis
via nucleophilic substitution, alkylation of polybenzimidazole, and Diels—Alder polymerization. Polyolefi-
nic AEPs are prepared through addition polymerization, ring-opening metathesis, radiation grafting
reactions, and anionic polymerization. Discussions cover structure—property—performance relationships
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of AEPs in fuel cells, redox flow batteries, and water and CO, electrolysers, along with the current status
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1. Introduction

Anion exchange polymers (AEPs) are anion-conductive poly-
mers with cationic functionality appended to the chain such as
quaternary ammonium or metal cation complexes. The concen-
tration of cations in an AEP is expressed by its ion exchange
capacity (IEC), measured as milliequivalents per gram of the
polymer (mequiv. g~ " of dry AEP). Generally, an increase in IEC
results in higher anion conductivity and water uptake of an
AEP, but a decrease in its mechanical strength in film form.
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of scale-up synthesis and commercialization.

For over 60 years, AEPs have been widely used for
electrodialysis (ED) and reverse electrodialysis (RED), in the
form of anion exchange resin, an anion exchange membrane
(AEM), and as one component of a bipolar membrane (BPM)
(Fig. 1a and b)."? In ED and RED applications, AEPs selec-
tively separate monovalent and multivalent ions from
wastewater. Since 2006, AEPs have been also used for
membrane capacitive deionization (MCDI) for water purifica-
tion or valuable metal ion recovery.>* In MCDI, a cation
exchange membrane (CEM) is attached to the cathode, and
an AEM is attached to the anode (Fig. 1c). The role of ion
exchange membranes is to prevent co-ions from being
flushed out of electrodes during the ion removal process.
Thus, MCDI improves device efficiency compared to
conventional CDI.

In 2004, the U.S. Department of Energy (DOE) increased
federal funding for hydrogen and fuel cell research, develop-
ment, and demonstration through the hydrogen fuel initiative.
This increased funding allowed the hydrogen program to
expand and address a broad range of barriers facing the wide-
spread use of hydrogen and fuel cell technologies in transpor-
tation. One of the focused R&D areas was developing AEM fuel
cells (AEMFCs) that have the potential to operate with platinum
group metal-free (PGM-free) catalysts.” In AEMFC applications,
AEPs are used both as a hydroxide-conducting medium in the
form of a membrane and as an anion exchange ionomer (AEI)
at the electrodes (Fig. 1d).

This journal is © The Royal Society of Chemistry 2024
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As interest in fuel cell vehicles shifted from light-duty to
heavy-duty vehicles, such as class 8 long-haul trucks and other
heavy-duty transportation applications, including trains, ships,
and aviation in the late 2010s, heat rejection in fuel cell vehicles
based on low-temperature proton-exchange membrane fuel
cells (LT-PEMFCs) became a challenging issue. For LT-
PEMFCs, operating fuel cells at a higher cell voltage at rated
power with a fuel cell/battery hybrid strategy can mitigate the
negative impact of the heat dissipation issue. Alternatively,
polybenzimidazole (PBI) or AEPs can be used as a proton
exchange membrane (PEM) after phosphoric acid (PA)

doping.*” Since PA-doped polymers can conduct protons with-
out water, the operating temperature of fuel cells can exceed
100 °C (Fig. 1e), effectively resolving the heat dissipation issue.
Compared to PBI-based fuel cells, AEP-based ion-pair fuel cells
have

shown higher stability under dynamic operating
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conditions due to stronger ion-pair interactions between catio-
nic functional groups of AEPs and PA.%>°

In 2021, the U.S. DOE announced the energy earthshots
initiative, aiming to accelerate breakthroughs in more abun-
dant, affordable, and reliable clean energy solutions within this
decade. The first energy earthshot, “Hydrogen Shot,” seeks to
reduce the cost of clean hydrogen by 80% to $1 per 1 kilogram
in one decade (“1 1 1”). To achieve this goal, AEM water
electrolysers (AEMWEs) have been drawing substantial interest.
AEMWEs use PGM-free catalysts and less expensive metal
interconnects while enabling differential pressure operation
and operating at higher current densities than conventional
liquid alkaline electrolysers.’® AEPs play critical roles in the
performance and durability of AEMWESs. Unlike in AEMFCs, a
low-concentration of liquid electrolyte is often added in
AEMWESs to reduce cell resistance, prevent ionomer adsorption,

Patric Jannasch received his PhD
degree in Chemical Engineering
from Lund University, Sweden,
in 1996. He was appointed full
professor of Polymer Technology
at the same university in 2010,
and was a guest professor at the
University of Tartu (Estonia)
during 2017-2022. His current
research focuses on molecular
design, synthesis, and function
of polymer electrolytes and ion-
exchange membranes for fuel
cells, water electrolysers, and
flow batteries, as well as on new bio-based monomers, polymers
and plastics from renewable resources. He presently serves as
editor of Solid State Ionics.

, Gy \

Patric Jannasch

Steven Holdcroft is a Professor
and Canada Research Chair,
and former President of the
Canadian Society for Chemistry.
He researches materials for
electrochemical energy conver-
sion & storage. He is the author
of 300 peer-reviewed articles and
inventor of 20+ patents. He has
received the Macromolecular
Science and Engineering Division
Award of the Chemical Institute
of Canada (CIC), and the CSC
RioTinto  Alcan Award  for
Electrochemistry. In 2021, he was elected to the fellowship of the
Royal Society of Canada and in 2024 awarded the CIC Montreal
Medal for his contributions to the Canadian chemical community.

Steven Holdcroft

Chem. Soc. Rev.,, 2024, 53, 5704-5780 | 5705


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cs00186e

Open Access Article. Published on 26 April 2024. Downloaded on 3/7/2026 5:33:40 AM.

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

(cc)

Chem Soc Rev

and increase local pH, thereby improving hydrogen and oxygen
evolution reactions (HER and OER, respectively, Fig. 1f)."!

The second energy earthshot, “Long Duration Storage Shot,”
aims to reduce the cost of energy storage systems by 90% within
a decade. Electrical energy storage is recognized as an under-
pinning technology for maintaining power network stability
and reliability from energy generation and load balance main-
tenance. Redox flow batteries (RFBs) store energy in two soluble
redox couples contained in external liquid electrolyte tanks.
During the charging phase, one electrolyte is oxidized at the
anode, while another is reduced at the cathode, converting
electrical energy into chemical energy of the electrolyte. AEMs
can be used as separators in RFBs, offering high coulombic
efficiency (CE) by providing superior barrier properties against
cations. During the charging and discharging of the RFBs, both
anions and protons are transported through the AEM via
diffusion and the Grotthuss mechanism (Fig. 1g).">

The third energy earthshot, “Carbon Negative Shot,” aims to
develop energy-efficient carbon capture from dilute sources,
transferring it to durable storage or converting it into products.
Using AEPs for both direct air capture (DAC) of CO, and its
electrochemical reduction is highly promising. In the CO,
capture device, CO, dissolved in water as (bi)carbonate is
regenerated using electrochemical cells with several configura-
tions (Fig. 1h).">' CO, electrolysers that convert CO, into
carbon monoxide and other value-added chemical products
can utilize a membrane electrode assembly (MEA) containing
AEPs for highly efficient electrochemical CO, reduction.'®> AEPs
are typically used for AEMs, AEIs in the catalyst layers, and as a
component of BPMs. In AEP-based CO, electrolysers, the catio-
nic functional groups of AEPs facilitate anion transport from
the cathode to the anode, enabling the CO, reduction reaction
(CO,RR) to occur in a basic environment. This environment
suppresses the competing HER by decreasing the concentration
of protons at the catalyst surface (Fig. 1i).
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AEPs are critical materials not only for the emerging tech-
nologies mentioned above but also for other applications,
including reverse osmosis (RO), sensors, photo-electrolysis,
and metal ion batteries. Fig. 2 shows the number of publica-
tions about AEPs over the last 25 years. The total number of
publications on AEPs has increased fivefold from 2000 to 2023,
with over 1500 AEP papers published each year since 2021. The
largest portion of AEP-related papers in 2023 is in the field of
fuel cells (584 papers), followed by water electrolysis (343
papers). Compared to the number of publications five years
ago, the relative proportions in ED, RED, MCD], fuel cell, and
RFB have remained similar. However, the proportions in water
electrolysis and CO, capture/electrolysis have increased
approximately fourfold, reflecting the current trend of research.
Another notable research trend from Fig. 2 is that modern AEP
research has become more device-specific rather than focusing
on general material development. In 2000, only 23% of papers
were device-specific, but by 2023, 88% of the papers on AEPs
were related to specific device applications. This indicates that
the design of AEPs is evolving to meet the specific requirements
of the electrochemical devices.

2. Chemical stability of AEPs

The electrochemical applications using AEP materials require
essential properties tailored to specific applications, such as
ion conductivity, permselectivity, chemical stability, thermal
stability, mechanical properties, and gas permeability (high gas
permeability for ionomers, low for membranes). The most
critical property for electrochemical applications is the
chemical stability of AEPs under the operating conditions of
the devices. Fig. 3 shows the typical pH and potential ranges of
various electrochemical devices utilizing AEPs. While AEMs for
gas separation applications do not face a chemical stability
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Fig. 1 Schematic diagrams, cell reactions and operating cell voltages of electrochemical devices using AEPs: (a) ED, (b) RED, (c) MCDI, (d) AEMFC,
(e) ion-pair HT-PEMFC, (f) AEMWE, (g) vanadium RFB, (h) electrochemical CO, capture, and (i) CO; electrolyser.

issue, the AEPs for RO, ED, RED, and MCDI applications
require chemical stability under medium to high pH conditions
(pH 4-13), especially in the presence of multivalent metal
cations. AEPs for AEMFC, AEMWE, and CO, capture/electro-
lyser applications need chemical stability under higher pH
conditions (pH > 13). Conversely, AEPs for HT-PEMFC applica-
tions require chemical stability under low pH conditions
(pH 1-3) and elevated temperatures (100-200 °C). AEPs for
aqueous RFB applications need chemical stability under lower
PH conditions (pH < 1), particularly in the presence of multi-
valent metal cations with high oxidation states and potentials.
In addition to alkaline stability, AEPs for AEMWE and CO,
electrolyser applications require high electrochemical oxidative
stability at >1.8 V. It is important to note that although Fig. 3

This journal is © The Royal Society of Chemistry 2024

depicts typical pH and potential ranges of electrochemical
devices, AEPs may encounter even harsher environments under
specific cell configurations and operations. For example, a few
recent studies reported the operating voltage of BPM-based
MCDIs, EDs, or AEMWESs exceeding >2 V.'®'® Furthermore,
the cleaning of ED cells with acid and base solutions may result
in membrane degradation due to the extreme pH conditions."®

2.1. AEP synthesis before 2012

Before 2012, AEPs were primarily prepared for ED separation
processes using one of two synthetic routes. The first route
involves chemical modification of perfluoroacid precursors
through multiple steps, forming anion-conducting counter-
parts of Nafion™. In 1986, Matsui et al. prepared quaternized

Chem. Soc. Rev,, 2024, 53, 5704-5780 | 5707
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perfluorinated AEMs by modifying the sulfonic acid functional
groups of Nafion™.*° The multiple steps include (i) conversion
of a carboxylic ester to an amide, (ii) reduction of the carbonyl
group to methylene, and (iii) quaternization using methyl
iodide (Scheme 1a). Other perfluorinated AEPs were also pre-
pared from the carboxylic ester precursor (Scheme 1b)'®> and
sulfonamide precursor (Scheme 1c)*"**> of Nafion™, incorpor-
ating various ammonium structures, including guanidinium
and hexylammonium. Perfluorinated AEMs can also be pre-
pared in a single step via amination of the sulfonyl fluoride
precursor under anhydrous conditions (Scheme 1d and e).****
However, attempting to prepare AEMs via amination of sulfonyl
fluoride under aqueous conditions is unsuccessful, as it leads
to hydrolysis of sulfonyl fluoride into sulfonic acid paired with
an ammonium counterion.>>>°

5708 | Chem. Soc. Rev,, 2024, 53, 5704-5780

The quaternized perfluorinated AEPs exhibited excellent
chemical stability under chlorine and acidic conditions, mak-
ing them suitable for ED and RED applications. For example,
quaternized perfluorinated AEMs with difluoroethane linkages
remained chemically stable in chlorine-saturated water at 60 °C
for 1000 hours without structural change.”® These membranes
also demonstrated stability in 6 N hydrochloric and nitric acids
at 60 °C. However, the mechanical properties of these quater-
nized AEMs deteriorated under basic conditions. Additionally,
the difluoroethylene linkage in the AEMs is susceptible
to hydroxide attack.>’?® Although amide and sulfonamide
linkages in other perfluorinated AEMs showed improved
chemical stability under basic conditions, slow hydrolysis
may occur under AEMFC operating conditions,?® limiting their
use in alkaline devices over extended time.

The second route involves post-polymerization modifi-
cation of a hydrocarbon polymer with a desired cationic
group. Quaternized polystyrenes are typically prepared by
chloromethylation of polystyrene or copolymerization of styr-
ene and vinylbenzyl chloride, followed by amination to form
benzylammonium cation (Scheme 2a). A commercial polystyr-
ene AEP (Selemion®™, AGC) is prepared using this method. In
1985, Zschochke and Qullmalz synthesized a quaternized
poly(aryl ether sulfone) via chloromethylation and subsequent
quaternization of benzyl chloride (Scheme 2b).*° Due to the
high toxicity and carcinogenic nature of the common chloro-
methylation agent, chloromethyl methyl ether, and its tendency
to undergo crosslinking via methylene bridges,*! bromination
of methylbenzene-containing poly(aryl ether sulfone)s or
poly(p-phenylene oxide) (PPO) has been adopted for obtaining
quaternized polymers (Scheme 2¢).>*"** However, it was shown
that the free-radical bromination pathway leads to radical-
induced side reactions that produce polymers of lower

This journal is © The Royal Society of Chemistry 2024
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Scheme 2 AEPs from polymer functionalization:

molecular weight.*>*® Despite this, due to the commercial
availability and versatile applicability of ether-containing aro-
matic polymers, functionalization using chloromethylation and
bromination was the most popular synthetic pathways over the
last decade, before the emergence of diverse aryl ether-free
poly(arylene) AEPs.*’””**> Another method includes lithiation
chemistry to prepare quaternized poly(aryl ether sulfone)
(Scheme 2d).*® The bis(dimethylamine)-containing side chain
was functionalized onto the lithiated polymer, followed by
methylation to introduce quaternary ammonium groups and
produce AEMs.

The AEPs prepared from post-polymerization modification
showing reasonably high stability under low to medium pH
conditions are commercially available as water purification
membranes. However, chemical stability tests of these poly-
mers under alkaline conditions often reveal significantly

This journal is © The Royal Society of Chemistry 2024

(a) quaternized polystyrene,
(c) quaternized poly(aryl ether sulfone) via bromination of benzyl groups,?

(b) quaternized poly(aryl ether sulfone) via chloromethylation,°

and (d) quaternized poly(aryl ether sulfone) via lithiation.*®

reduced IEC values or mechanical failure of the membranes,
indicating the need for improved chemical structure.

2.2. Alkaline stability of cationic groups

The generally lower alkaline stability of AEPs, compared to non-
functionalized polymers, suggests that the chemical degrada-
tion of the cation headgroups predominates over that of the
polymer backbone. Therefore, it has been assumed that the
alkaline stability of AEPs is determined by the stability of the
positively charged groups.*”*

A hydroxide ion, acting as a strong nucleophilic base, can
cause degradation through several different chemical mechan-
isms and pathways. The chemical degradation mechanism of
quaternary ammonium groups under high pH conditions was
well established before 2012. The attack of a hydroxide ion at
the B-H-atom of the alkyl ammonium leads to a Hofmann

Chem. Soc. Rev., 2024, 53, 5704-5780 | 5709
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elimination reaction, resulting in the formation of a tertiary
amine from the neighbouring carbon, along with the formation
of an alkene, a tertiary amine, and water (Scheme 3a). Another
common degradation mechanism involves a nucleophilic sub-
stitution reaction at the o-C-atom of the quaternary ammo-
nium. This reaction either yields methanol and a tertiary
amine-functionalized polymer from methyl substitution
(Scheme 3b) or a tertiary amine and an alcohol-functionalized
polymer from the Sy2 reaction (Scheme 3c). The degradation
mechanism via the ylide pathway begins with a hydroxide ion
abstracting a proton from a methyl group of ammoniums to
produce a water molecule and a ylide intermediate. This inter-
mediate then undergoes rearrangement to produce either an
amine or an alcohol as a by-product (Scheme 3d).*’

The chemical degradation of various heterocyclic ammo-
nium groups has also been reported. Methyl imidazolium
undergoes ring-opening degradation triggered by the nucleo-
philic attack of a hydroxide ion on the imidazolium ring at the
C2 position (the carbon adjacent to both nitrogen atoms),
leading to the degradation of the cyclic cations (Scheme 4a).>*>"
Methyl pyridinium degrades through a nucleophilic ring-
opening reaction, which results in the replacement of the hydro-
gen by a hydroxide ion, followed by ring closure and dehydrogena-
tion of the hydroxy group (Scheme 4b).*>*® The degradation
of aliphatic-heterocyclic ammonium, such as dimethyl pyrrolidi-
nium or piperidinium, can occur through three pathways: exo-
cyclic demethylation (Scheme 4c), ring-opening elimination
(Scheme 4d), and ring-opening substitution (Scheme 4e).>*>®
The ring-opening reactions are predominant, but the degradation
rate is influenced by ring size and the geometry of the
transition state.

@ OCH H_OH Y
My { — N\N>é\) —= N g Ho0
|\/N‘CH3 |\/N\CH3 ~ >

V() o

Hsc/b\‘.\CH3 | HaC”* “CHj
CHa

Scheme 4 Degradation mechanisms of heterocyclic cations:

(@) ring opening of imidazolium,

Research on the chemical stability of cationic functional
groups has been further expanded to include quaternary
ammonium with different substituents and more stable catio-
nic structures (Fig. 4).>”~°° The study of benzyltrimethyl ammo-
nium (BTMA) has been extensively conducted because it is the
simplest, synthetically accessible quaternary ammonium cation
and thus the most commonly used in the early stages of AEP
development.®"®* Phenyltrimethyl ammonium is much less
stable than BTMA; for example, while 90% of BTMA solids
remained in 5 M NaOH at 80 °C after 29 days, only 30% of
phenyltrimethyl ammonium remained under the same
conditions.®® Benzyl-tethered ammonium cations, such as ben-
zyl pyridinium, benzyl pyrrolidinium, benzyltrimethyl guanidi-
nium, benzylmethyl diazabicyclo[2.2.2] octane (DABCO), and
benzyl 1,2-dimethylimidazolium, are less stable and prone to
substitution. Alkyltrimethyl ammonium, phenyl-substituted
imidazolium, and some heterocyclic cationic groups with high
activation energy toward hydroxide attack, including piperidi-
nium, quinuclidinium, and 6-azoniaspiro[5.5]Jundecane, have
been reported to be more stable than BTMA under high pH
conditions.*®*®%71 Extensive discussions of headgroup stabi-
lity have been reviewed recently.”

2.3. Alkaline stability of backbones

Polyvinylidene fluoride (PVDF)-based proton exchange materi-
als are among the most promising alternatives to perfluori-
nated sulfonic acid polymers (PFSAs) due to their high
hydrophobicity, inertness to electrocatalytic activity, and high
chemical and mechanical stability.”>”* However, under
high pH conditions, the PVDF backbone composed of
difluoroethane, rapidly degrades through dehydrofluorination

(b) OH~
~

| _>CHL
LN

(b) nucleophilic ring opening of pyridinium, (c)

nucleophilic (methyl) substitution of dimethyl piperidinium (DMP), (d) ring-opening E2 elimination of DMP, and (e) ring-opening nucleophilic substitution

of DMP.
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(1,2-HF elimination) and subsequent oxidation reactions
(Scheme 5a).”>7°

Polystyrene and poly(aryl ether sulfone)s were among the
first choices during the early AEP development period, as their
sulfonated derivatives are chemically stable under high pH
conditions (40% NaOH at 70-80 °C for 300 hours).”’
several studies showed notably better alkaline stability of
quaternized polystyrenes compared to quaternized poly(aryl
ether sulfone) under high pH conditions.”®*®® Only a few
studies reported more than 100 hours of AEMFC durability
using a quaternized poly(aryl ether sulfone) AEM, whereas
several studies reported more than 200 hours of AEMFC

However,

durability using quaternized polystyrene or other polyolefinic
AEMs during the early AEP development period.®'"®* In 2012
and 2013, Fujimoto et al.®® and Ramani et al.®*® independently
reported that the backbone of quaternized poly(aryl ether
sulfone)s cleaves at the aryl ether linkage under high pH
conditions (Scheme 5b).

Follow-up studies investigated the effect of substituent
groups on the barrier energy of the aryl ether cleavage reaction.
The energy barrier for trimethylammonium-functionalized phe-
nyl ether (85.8 k] mol ') was found to be lower than that for
nucleophilic benzyl substitution (90.8 k] mol ') (Fig. 5a).®” The
energy barrier was substantially lower in the presence of

QrO OO0 o0 oo

—N= —N—
’i‘ OH  AG=85.8kJ/mol | oH AG = 111.3 kJ/mol

| O AG =90.8 kd/mol AG = 246.0 kJimol

G0 OO0 Ot

AG = 32.6 kJ/mol AG =44 .4 kJ/mol

—N— —N—
AG = 22.6 kJ/mol | o AG=77.0kJmol | o

Fig. 5 The energy barriers of aromatic fragments and hydroxide ions: (a) comparison between aryl backbone and quaternary ammonium. Geometry
optimization by ®B97XD functional with a 6-311++G(2d,2p) basis set. (b) Effect of sulfone group substituent. Geometry optimization by M06-2X

functional with a 6-31+G(d) basis set.

This journal is © The Royal Society of Chemistry 2024

Chem. Soc. Rev., 2024, 53, 5704-5780 | 571


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cs00186e

Open Access Article. Published on 26 April 2024. Downloaded on 3/7/2026 5:33:40 AM.

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

(cc)

Chem Soc Rev

n

NBS, BPO
CHsCl

OH OH
{o e Y@ T o X PHo- )2
n-x-y X y NMP,70°C n-x-y-z X y z
Br Br +
Br Br

View Article Online

Review Article

(CH,0)y, SnCly, (CHy)sSICI _{ _{
CH4Cl, 40 °C NMP, 70 °C
.

cl Ni—

Cl-PPO-TMA | oH™

—N—

Br-PPO-TMA I oH

Scheme 6 Synthetic pathways for quaternized PPOs via chloromethylation and bromination. Denoted are the reaction sites of aryl ether cleavage.

electron-withdrawing sulfone groups (32.6 k] mol™'), but
higher with an electron-donating methyl group (77.0 k] mol ™)
(Fig. 5b).%% These calculations are in good agreement with
experimental data from MEA testing, where an MEA fabricated
with a quaternized AEM containing two methyl groups on an
adjacent aryl ring of ether showed much higher durability than
an MEA using a quaternized poly(aryl ether sulfone) AEM.®*
This indicates that the polymer backbone of electron-rich
quaternized PPOs has better alkaline stability than that of
electron-deficient aryl sulfone-containing polymers under high
pH conditions.

Although several model compound studies on dimethyl
phenylene oxide indicated no trace of the aryl ether
cleavage reaction occurring, backbone degradation of quater-
nized PPOs was observed under high pH conditions.”>"!
Ramani et al.>*>> and Becerra-Arciniegas et al.®> observed that
quaternized PPO showed different backbone degradation
depending on their synthetic process; the quaternized PPO
prepared by bromination (Br-PPO-TMA) showed more substan-
tial backbone degradation than the quaternized PPO prepared
by chloroalkylation (CI-PPO-TMA). This disparity was explained
by the structural differences between Br-PPO-TMA and Cl-PPO-
TMA that may influence the different rates of backbone
degradation: (i) CI-PPO-TMA has an extra methyl group in its
backbone, increasing electron density, and (ii) the presence
of unreacted bromine directly substituted on the benzene
ring in Br-PPO-TMA accelerates the backbone degradation
(Scheme 6).

Without cationic or electron-withdrawing groups in close
proximity, the polymer backbone remains chemically stable in
alkaline conditions. Several unfunctionalized aryl ether-free
polymers, including both polyaromatic and vinyl polymers,
did not show any sign of degradation at a high base concen-
tration (10 equiv. of NaOCH; in THF/methanol).®® The result
suggests that aryl ether-free polymers are chemically stable to
serve as a backbone for AEP materials.

2.4. Chemical stability at low pH

The chemical stability of AEPs under low pH conditions is
known to be higher than that under high pH conditions, as
there is no strong nucleophile in the acidic system. Several
papers reported reasonably high chemical stability of quater-
nized polystyrene®® and poly(aryl ether sulfone).”>™'** AEMs
under vanadium RFB operating conditions need to be highly
acidic to solvate multivalent vanadium ions with high oxidation

5712 | Chem. Soc. Rev., 2024, 53, 5704-5780

states. The chemical degradation of AEPs detected in RFBs
appears to be associated more with oxidative degradation than
with acid-assisted degradation. Notable aryl ether cleavage
reactions were observed for quaternized poly(aryl ether
sulfone)s or poly(aryl ether ketone)s under the oxidative condi-
tions of VO," in concentrated H,SO, solution (Scheme 7a).'**"'%°
The rate of backbone degradation of quaternized poly(aryl ether
sulfone)s by VO," is similar to that of sulfonated poly(aryl ether
sulfone)s,'® which contrasts starkly with the rate of backbone
degradation of quaternized poly(aryl ether sulfone)s by hydro-
xide ions being much greater than that of sulfonated poly(aryl
ether sulfone)s. The similar oxidative degradation rates
between sulfonated and quaternized polyaromatics suggest
that oxidative polymer degradation occurs in the aryl ether
sulfone fragment rather than in the ionic groups. The
oxidative degradation of polyaromatics primarily occurs at the
electron-rich aryl groups because strong oxidizers such as
hydroxyl and vanadium oxide radicals are highly electrophilic
(Scheme 7a and b).""’

In HT-PEMFCs, the polymer backbone degradation of qua-
ternized poly(aryl ether sulfone)s may occur in a protonic
environment at a high temperature, around 160 °C. To date,
only a limited number of studies have reported on chemical
degradation under HT-PEMFC operating conditions. A different
degradation mechanism of PA-doped poly(aryl ether sulfone)
has been proposed: the aryl ether cleavage reaction via proto-
nation of the ether oxygen followed by nucleophilic attack of
water (Scheme 7c), as well as the scission of C-C bond at the
isopropylidene carbon via a retro-Friedel-Crafts alkylation pro-
cess (Scheme 7d).'®

2.5. Electrochemical oxidative stability

Radical generation during the operation of electrochemical
devices in aqueous conditions has been commonly observed,
especially active oxygen species, e.g., hydroxyl radical (HOs),
reportedly formed with hydrogen peroxide by permeating O,
reacting with Pt/H, to form H,0, under alkaline conditions and
at relatively low electrode potentials, ca. <1 V.'* Hydroxyl
radicals can be further produced by hydroxide ion transfer.
Wierzbicki et al. observed both HOs and HOOe on the cathode
and He on the anode under AEMFC operating conditions.""°
The oxidative degradation of quaternized polystyrene and other
polyaromatics by reactive oxygen radicals is well documented.
Superoxide anion radicals can be formed from carbanions
followed by subsequent reduction (Scheme 8a)."'"''* Reactive

This journal is © The Royal Society of Chemistry 2024
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oxygen radicals can abstract hydrogen from vulnerable posi-
tions (Scheme 8b) or add to aromatic compounds, forming
hydroxycyclohexadienyl radicals (Scheme 8c).'** These oxida-
tive radical species attack the vulnerable ternary carbon con-
nected to the benzyltrimethyl ammonium hydroxide, resulting
in chain scission (Scheme 8d)."**'"® The rate of chain scission
increases with exposure to higher oxygen concentrations. Simi-
lar oxidation reactions can occur with the dimethyl phenyl
group in quaternized PPO (Scheme 8e) and with the diphenyl
isopropylidene unit, which has a higher electron concentration
in quaternized poly(aryl ether sulfone)s (Scheme 8f). Holdcroft
et al. showed that backbone chain scission of sulfonated
polyphenylene and formation of benzoic acid can occur
through hydroxyl radical-induced oxidative degradation

This journal is © The Royal Society of Chemistry 2024

(Scheme 8g),"'® with the degradation mainly occurring in

non-sulfonated phenyl rings rather than in electron-
withdrawing sulfonic acid-containing phenyl rings. Unlike
highly nucleophilic hydroxide ions, radicals generated in an
electrochemical environment, such as HOe and He, are electro-
philic and tend to attack electron-rich sites of the substrate.""”
Consequently, AEPs with high electron density, such as those
containing methoxy or piperidino groups, have lower resistance
to radical-induced oxidation.'™® On the other hand, AEPs with
electron-withdrawing groups possess a high electrophilic char-
acter and remain stable against oxygen radical attack.
Another critical oxidation process of AEPs is the catalytic
oxidation of phenyl groups. The catalytic oxidation of benzene
by transition metals and carbon-based catalysts under oxidative
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conditions is well documented."*®*"*" The electrochemical oxi-
dation of phenyl groups to form phenol has been observed in
quaternized poly(biphenyl) AEPs in AEMFC and AEMWE
after prolonged operation at high cell voltages (0.9 V for AEMFC
and 2.1 V for AEMWE) (Fig. 6a)."*>"** Electrochemical oxida-
tion of methylphenyl by noble metal catalysts has also been
reported'**™*?¢ and may occur under the operating conditions
of the device with applied voltages.'”” The electrochemical
oxidation of methylphenyl groups to form benzoate was
observed with quaternized PPO AEPs in AEMWE, which sub-
stantially increased the degradation rate at the anode of
the AEMWE (Fig. 6b).”>'*® With electrochemical oxidation
potentials, other AEP fragments can also degrade under
device operating conditions (Fig. 7). For example, the electro-
chemical oxidation of cyclic alkanes and cyclic olefins, such as
norbornene, occurs at approximately 1.0 V, resulting in the
production of cycloaliphatic ketones and aliphatic (di)car-
boxylic acids.'*® The electrochemical oxidation of heterocycles
occurs at around 1.5 V or higher, depending on the chemical
environments.'*7"%?

The detection of electrochemical oxidation products is chal-
lenging since the oxidation occurs at the catalyst and ionomer
interface. However, the impact of electrochemical oxidation on
device performance can be significant because the oxidative
products can lower the local pH near the catalyst’s active site.
The device operating potential and the adsorption energy of the
phenyls and other AEP fragments onto the catalyst surface are
the two most important factors for catalytic oxidation. Conse-
quently, AEPs in the electrodes that are exposed to high
potentials, such as those in the anode of AEMWEs and CO,
electrolysers, are much more vulnerable to the catalytic oxida-
tion of AEPs. Matanovic et al. investigated the adsorption

0,0, H20, Oy

WS G
(Y e )ﬁif ) e

~-

>08V >10V

_H0.0,

>10V

energy of the phenyl groups derived from AEP fragments
(Fig. 6¢) and found that more durable device performance
was achieved with ionomers having lower phenyl adsorption
energy."*>"** The adsorption behaviours of ionomers are also
significantly influenced by the type of catalysts and their sur-
face and electronic structures. Matanovic et al. noted that Pt
alloyed catalysts exhibit less aromatic adsorption characteris-
tics, attributed to electron transfer between phenyl and metal
surfaces induced by alloying.'*® The same research group
observed that the adsorption energy of benzyltrimethyl groups
on the surface of the Lay gsSry15C00; perovskite catalyst was
substantially lower than on Pt or IrO, catalysts.'**

2.6. Demand for aryl ether-free AEPs

The literature survey in the previous sections suggests that the
degradation pathways of AEPs are dependent upon the operat-
ing conditions of electrochemical devices. The two most critical
factors are the pH environment and the electrode potential
required for electrochemical reactions. In general, aryl ether-
free polymers exhibit considerably higher oxidative stability
than aryl ether-containing polymers.”>***” For AEMFC,
AEMWE, and electrochemical CO, conversion/capture devices,
the alkaline stability of AEPs is most critical, and most aryl
ether-containing AEPs lack chemical stability for durable opera-
tion in these applications. High electrochemical oxidative
stability is required for AEMWE and CO, electrolyser/capture
devices. Given that the nature of degradation by hydroxide ions
(alkaline, nucleophilic) and hydroxyl radicals (oxidative, elec-
trophilic) are different, AEPs with balanced chemical stability
specific to an electrochemical device can enable long-term
operation. AEIs in the catalyst layers require higher electroche-
mical oxidative stability compared to AEMs."*®* However, some
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Fig. 7 Electrochemical oxidation process and oxidation potentials of various ionomer fragments.
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studies indicate that supplying a liquid alkaline solution to the
electrode can mitigate the electrochemical oxidation of iono-
mers by reducing ionomer fragment adsorption.'?2139:140
Therefore, if an electrochemical device can incorporate a sup-
plemental liquid alkaline solution, the requirements for elec-
trochemical stability may be less stringent.

The chemical stability studies on AEPs indicate that aryl
ether-free AEPs are excellent candidates for various electroche-
mical devices. Alternative material candidates may include
ion-solvating polymers with basic functional groups, such as
benzimidazole. Reasonably high performance and durability
of ion-solvating membranes have been demonstrated in
RFB,"*'"'** HT-PEMFC,"** % and electrolyser’**™**" applica-
tions. However, these polymers can only be used in electro-
chemical devices supplying liquid electrolytes, which have
additional stability issues associated with highly concentrated
liquid electrolytes. Therefore, aryl ether-free AEPs remain a
strong contender for use in modern electrochemical devices.
In the following sections, we will discuss various synthetic
pathways that have been implemented to prepare cation-
functionalized aryl ether-free AEPs, demonstrating outstanding
material properties, chemical stability, and successful perfor-
mance in electrochemical devices.

3. Chemistry of polyaromatics

Polyaromatics are a class of polymers whose main chains are
composed of phenylene units. They are best known for their
excellent thermal and mechanical properties, making them
suitable for various applications. The most promising design
of polyaromatics for high chemical stability and longevity in
alkaline conditions involves backbones that are devoid of labile
aryl ether linkages, predominantly consisting of C-C bonds.">
In this section, we will focus on the notable chemistry of
polymerization used to prepare quaternized aryl ether-free
polyaromatics. This includes the reaction mechanism, the
representative AEPs from each method, and their general
properties for electrochemical devices.

3.1. Acid-catalysed polyhydroxyalkylation

For the synthesis of AEPs, it is desirable to have a polymeriza-
tion method that leads to high molecular weight growth, allows
for various monomer choices, and is tolerant of any functional
groups present. Acid-catalysed polyhydroxyalkylation offers
many advantages in these factors with respect to other reac-
tions and has been widely adopted for the synthesis of aryl
ether-free polyaromatic-based AEPs in recent years.

When strong Bregnsted or Lewis acids interact with electro-
philes and undergo superelectrophilic activation, they can
form highly reactive electron-deficient compounds known as
superelectrophiles.’® The early demonstrations of super-
electrophiles for Friedel-Crafts alkylation used selective carbo-
nyl compounds, including benzaldehyde, and electron-rich
aromatics."> The enhancement of the reactivity of carbonyl
electrophiles heavily depends on the acidity of the system;

This journal is © The Royal Society of Chemistry 2024

View Article Online

Chem Soc Rev

o v O s . e O
L.ji;."' R M 7, gtr —— 4=
R pK.~12 R7OR }
H,0 ‘\ l\
= =
_H
¢
Ct
RR
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hydroxyalkylation.

while 100% sulfuric acid (pK, = —12) is not sufficiently strong
to activate most carbonyl compounds, superacids such as
trifluoromethanesulfonic acid (TFSA, pK, = —14) or even stron-
ger acids are required. During the reaction, a carbonyl com-
pound is protonated by high acidity proton donating species,
forming extremely electron deficient carboxonium/hydroxycar-
benium intermediates that react with nucleophilic aromatics
via hydroxyalkylation (Scheme 9).">°

The reactivity of electrophiles can be further increased by
the presence of electron-withdrawing substituents, such as
trifluoromethyl or nitro groups, in close proximity to the
carbonyl group. An electronegatively substituted carbonyl com-
pound was used to form a linear, high molecular weight, yet
still soluble polymer using an aromatic hydrocarbon in a
superacid environment via polyhydroxyalkylation.'>® Several
carbonyl-containing compounds and aromatic compounds
were screened for their reactivity in a superacid medium to
form high molecular weight polymers (number-averaged mole-
cular weight, M,,, >50 kg mol").">>"7% According to the
proposed mechanism, based on theoretical and experimental
studies,"*>*° the substituents of carbonyl compounds (R and
R’ in Scheme 9) influence the rate-determining step of poly-
merization, which can be either the aromatic electrophilic
substitution or the subsequent dehydration reaction. Strong
electron-withdrawing groups on both substituents can increase
the electrophilicity of the carbonyl carbon, allowing for a fast
reaction with an aromatic compound, but they may also
increase the activation energy required for the formation of
carbocation from dehydration, thus slowing down the rate of
polymerization. Therefore, a number of ketone monomers
containing a trifluoromethyl group along with an electron-
donating methyl or phenyl group (e.g., trifluoroacetone and
trifluoroacetophenone) have been used for the formation of
ultrahigh molecular weight polymers (M, > 10° g mol™")."*®

In the case of aromatic monomers, H-Ar-H, the nucleophi-
licity of the aromatic compound is another factor that deter-
mines the polymerization rate.'®® Highly nucleophilic aromatic
compounds lead to the continuous growth of polymer chains
via this step-growth polymerization by reacting with carbonyl
electrophiles. Symmetrical and electron-rich phenyl com-
pounds, such as biphenyl, p-terphenyl, and diphenyl ether,
are typically used to enable the formation of high molecular
weight polymers. Depending on the reactivity of the monomers,
the stoichiometric ratio between carbonyl and aromatic mono-
mers can be adjusted to increase the polymerization rate, but a
large excess of one monomer over the other may result in low
molecular weight polymers or cross-linking.'®® Anhydrous
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Scheme 10 Representative reaction schematic of acid-catalysed polyhydroxyalkylation to synthesize biphenyl-based AEP BPN1-m.

dichloromethane is mainly used as a polymerization solvent
due to its inertness towards strong acids and its solvating
power for most of the monomers utilized.

The first report using the acid-catalysed polyhydroxyalkyla-
tion chemistry to produce AEPs was in 2015 by Bae et al. They
employed biphenyl and a ketone monomer containing a bro-
moalkyl precursor for subsequent quaternization using tri-
methylamine (BPN1-m, Scheme 10)."®" Alkylhalide is tolerant
in a superacid environment; although the reactivity of a
bromoalkyl-containing ketone monomer is lower than that of
trifluoroacetone, the polymerization proceeds efficaciously,
growing to high molecular weight polymers at room tempera-
ture in 12 hours (M, > 70 kg mol™' and weight-averaged
molecular weight, M,,, >100 kg mol'). Copolymers bearing a
repeat unit of biphenyl and non-functional trifluoroacetone
have been prepared to adjust the IEC of the polymers (1.5-2.6
mequiv. g ). Despite being composed of rigid aromatic rings,
the polyaromatic-based AEPs from the superacid-catalyzed
polyhydroxyalkylation, such as BPN1-m, are readily soluble in
common organic solvents due to the insertion of a kinked Cgps
in every repeating unit. The quaternized polymers have high
solubility in polar aprotic organic solvents for easy processa-
bility, and high tensile strength (up to 35 MPa at 50 °C, 50%
relative humidity (RH)). The hydroxide conductivity at 80 °C of
BPN1-100 (IEC = 2.6 mequiv. g ') was 122 mS cm ', with a
water uptake of 145%."®" The AEPs did not show any change in
IEC values or hydroxide conductivity after immersion in 1 M
NaOH at 80 °C for 30 days, demonstrating high chemical
stability in an alkaline environment and opening up the
possibility of using this chemistry for the synthesis of alkaline
stable AEPs.

Since then, various combinations of monomer choices for
both aromatic and carbonyl monomers have been utilized to
form AEPs in recent years, as summarized in Fig. 8.5%7%16>717>
Most polymerization reactions have been done in one-pot mode
to obtain precursor polymers, either containing bromoalkyl or
tertiary amine groups, followed by quaternization using a
tertiary amine or alkylation using an alkyl bromide to form
their corresponding AEPs. The high tolerance of the acid
catalyst allows the inclusion of cation- and secondary amine-
containing monomers, which can be used as AEPs once
polymerized’**¢*'727* or simply quaternized via a post-
grafting reaction using alkyl ammoniums.'”® For the superacid
catalysts, TFSA alone or in combination with trifluoroacetic
acid (TFA) has been used for polymerization, where TFA can
serve as a solvent medium, covering a wide range of acidity to
increase the reactivity of monomers."”” The ratio of the ketone
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monomers used for acid-catalysed polymerization.
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monomer varies depending on the reaction conditions and
electrophilic reactivity, but it is nearly stoichiometric with
respect to aromatic monomers (approximately 1.0-1.2 equiva-
lents of the carbonyl monomer for superelectrophilic activa-
tion; up to 1.5 equivalents for less reactive monomers'’®). To
promote molecular weight growth of polymers for membrane
applications, non-functional high-reactivity monomers (e.g., p-
terphenyl, 2,2,2-trifluoroacetophenone) have been incorporated
as repeat units of copolymers. Poly(terphenyl piperidinium)
with 85% ionic repeat units exhibits a much higher molecular
weight (intrinsic viscosity 4.71 dl g~* = 70.5 kg mol 1)'¢®
compared to the terphenyl plperldlnlum homopolymer
(0.39 dl g™') (Fig. 9a).%¢

The effect of the polymer backbone arrangement and mor-
phology on membrane properties was investigated using two

This journal is © The Royal Society of Chemistry 2024
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Fig. 9 Selected examples of polyaromatic-based AEPs synthesized by acid-catalysed polyhydroxyalkylation: (a) poly(terphenyl piperidinium) copolymer,
(b) poly(terphenyl alkylene)s, (c) bis-quaternary ammonium functionalized fluorene-based AEPs, (d) N-alicyclic cation-containing polyfluorene, and

(e) polyxanthene-based AEPs.

different terphenyl monomers, p-terphenyl and m-terphenyl, to
synthesize their respective AEMs (Fig. 9b)."®® m-TPN, consisting
of meta-terphenyl in the backbone, exhibited higher molecular
weight, better solubility, water uptake, hydroxide conductivity,
and fuel cell performance in AEMFC than para-terphenyl con-
taining p-TPN. This improvement is ascribed to the favourable
morphology and polymer chain packing for ion transport, as
confirmed by wide-angle X-ray scattering, likely from the
kinked structure of m-terphenyl.'® The alkaline stability of
m-TPN (IEC = 2.2 mequiv. g ') was found to be higher than
that of BPN1-100. It showed no signs of degradation in the
"H NMR spectrum and titrated IEC in 1 M NaOH at 95 °C for
60 days, while a slight decrease was observed in BPN1-100
under the same condition, likely due to the higher IEC
(2.6 mequiv. g~ ")."7®

9,9-Bis(6-bromohexyl)fluorene has been a popular choice for
the aromatic component in AEPs because it allows the inclu-
sion of two quaternary ammonium groups per repeat unit,
increasing the resulting IEC of the polymer up to 3.5 mequiv.
g~ ' when polymerized with trifluoroacetone (Fig. 9¢).’** The
ionic repeat unit was optimized to be 55% by incorporating
non-functionalized 9,9-dimethylfluorene as a co-monomer,
adjusting the IEC to 2.5 mequiv. g, which showed a high
hydroxide conductivity of 127 mS em™" at 80 °C. Fluorene-
based AEPs also have the advantage of being effective electrode
AEIs, as their fused ring structure has minimal adsorption
energy to the surface of electrocatalysts compared to other
phenyl-containing monomers, such as biphenyl."** This offers
benefits of high oxidative stability of AEIs, especially for elec-
trochemical devices operated at high voltage conditions."**'**
The wide range of IECs of fluorene-based ionomers can aid in
controlling water management in electrodes or operate at low
RH conditions by using an asymmetric electrode approach."””
Recently, fluoroalkyl-containing fluorene ionomers were
reported to effectively control electrode hydrophobicity for
appropriate water management in AEMFCs."”® The downsides
of employing fluorene in the AEP structure would be that the
monomer synthesis to include the bis(bromohexyl) group
requires tedious purification steps,'® and AEMs using only
fluorene as an aromatic monomer tend to result in brittle

This journal is © The Royal Society of Chemistry 2024

membranes, likely due to the bulky structure of fluorene
interfering with chain entanglement.

Because of the high regioselectivity of the polymerization,
using aromatic monomers containing unsubstituted terminal
phenyl groups is highly effective. An ortho-methyl substituted
biphenyl, designed to increase the fractional free volume of the
polymer chains for efficient hydrogen diffusion on the anode
electrode, did not form sufficiently high molecular weight
polymers, unlike its unsubstituted biphenyl counterpart.'®
Several studies reported the polymerization of aromatic mono-
mers having electron-deficient groups, such as unsubstituted
phenyl rings at both terminal positions. With this approach,
even aromatic monomers that are challenging to polymerize,
i.e., those containing electron-deficient substituents or ionic
moieties that affect electron density, can be used in acid-
catalysed polymerization. Miyatake and co-workers reported
perfluorohexylene-containing AEMs by synthesizing a fluori-
nated monomer bearing terminal biphenyl groups.'”” The AEM
exhibited a well-defined phase-separated morphology due to
the incorporation of the hydrophobic perfluorohexylene group
in the backbone and showed high hydroxide conductivity
(115 mS em™ " at 80 °C, IEC = 2.0 mequiv. g '). The membrane
properties remained unchanged after immersion in 8 M KOH at
80 °C for 1000 hours, confirming that the phenylene-based
backbone with a perfluoroalkyl moiety is highly alkali
stable. Jannasch et al prepared an N-alicyclic cation-
containing fluorene monomer with terminal phenyl groups,
which directly produced AEMs incorporating a piperidinium
cation (Fig. 9d)."”* PAPFAc-DMP with an IEC of 1.9 mequiv. g~
showed a hydroxide conductivity of 84 mS cm ™" at 80 °C with a
water uptake of 57%. Indications of cation degradation were
observed in the "H NMR spectra after immersion in 1 M NaOH
at 80 °C for 30 days, occurring in the piperidinium ring
attached to the fluorene backbone. Zhang and co-workers
demonstrated the direct polymerization of an imidazolium-
containing monomer fully substituted with phenyl groups,
sequentially polymerized with additional biphenyl and trifluoro-
acetone to form ionene segmented block copolymers (more
about ionenes in Sections 3.3 and 3.4)."”> The AEM exhibited a
hydroxide conductivity of 57 mS ecm ™" at 80 °C with an IEC of
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1.2 mequiv. g~ '. Similarly, Wang et al. synthesized a bis-
piperidinium monomer with terminal biphenyl groups, poly-
merizing it with a superacid to form poly(bis-alkylimidazolium)
ionenes (IEC = 2.3 mequiv. g%, ogpc = 45 mS cm ').'%°
The approach of using terminal phenyl groups expands the
library of aromatic monomers available for polymerization,
but the downside of this approach might be that aromatic
monomers need to be prepared via metal-catalysed coupling
reactions'®>'”® or via multistep synthesis.'”>*7*

Superacid catalysts are also effective for the synthesis of
another type of polyaromatic, polyxanthene, where its back-
bone is composed of a pyran ring fused with two phenyl
rings."® This tricyclic aromatic structure in the polymer back-
bone may exhibit intrinsic microporosity, favouring both ion
and gas transport.'®* 4,4’-Biphenol and bromopropyl trifluoro-
acetophenone were polymerized via polyhydroxyalkylation
followed by cyclodehydration to form xanthene, which was
then converted into AEMs with a tertiary amine (Fig. 9e)."®>
Although the polymer contains C-O-C bonds as part of the
main chain, no sign of backbone degradation was detected
after immersion in 1 M NaOH at 80 °C for 720 hours, likely due
to the absence of electron-withdrawing groups near the aryl
ether bonds. The TMA-containing AEM, PXTMA, showed
the highest IEC of 2.3 mequiv. g " and hydroxide conductivity
of 129 mS cm™ " at 80 °C among the reported polyxanthene
AEMs. Another polyxanthene-based AEP, synthesized using
9,9-dimethylxanthene and isatin with TFSA, was subsequently
functionalized using  bromobutyl trimethylammonium
bromide.'®® The hydroxide conductivity at 80 °C of this AEM
with an IEC of 2.1 mequiv. g ' was found to be 205 mS cm ™,
ascribed to the twisted, intrinsically microporous arrange-
ment of the xanthene backbone for efficient ion transport, as
confirmed by microstructure characterization using atomic
force microscopy (AFM) and small-angle X-ray scattering
(SAXS).

To enhance the mechanical properties of polymers for
membrane applications, various branching and crosslinking
strategies have been employed for acid-catalysed AEPs.
A branched AEM was reported using 2.5% of 1,3,5-
triphenylbenzene as a branching node with p-terphenyl and
N-methyl piperidine for polymerization. The resulting cast thin
films (20 pm) exhibited improved membrane properties com-
pared to previously reported terphenyl piperidinium-based
AEMs."™®* Other strategies include using the thiol-ene click
reaction with a hexane-tethered piperidine polymer and a
dithiol compound'® and in situ crosslinking of 9-vinyl-
carbazole during polymerization with N-methyl piperidine.'®

Acid-catalysed polyhydroxyalkylation can be done in a one-
pot, metal-free condition at low to room temperature to pro-
duce highly conductive and alkaline-stable AEPs. The acid
catalyst is tolerant to various monomers with functionality
including haloalkyl, amine, and even quaternary ammonium,
but the strong acidity and hygroscopic nature of TFSA may
restrict the choice of reactors, especially for larger-scale reac-
tions. It is also important to note that successful superelec-
trophilic activation for high molecular growth of polymers can
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primarily be achieved by trimethylfluoro-containing carbonyl
compounds, with only a few exceptions, which limits the choice
for synthesizing non-fluorinated AEPs. Nevertheless, this poly-
merization method has led to the development of several
commercially available products, such as PiperION by Versogen
and TM1 by Orion Polymer, demonstrating its practical utility
for various applications.

3.2. Metal-promoted coupling reaction

Metal-promoted C-C coupling reactions have been used
to prepare phenylene-based polymers carrying quaternary
ammonium precursors, such as halides or tertiary amino
groups. Classical Ullmann-type condensation reactions, which
have been used to prepare polyaromatics utilizing copper
catalysts,'®” require high reaction temperatures. However, the
yield and selectivity are often insufficient for polymer synthesis,
even with the most reactive aryl iodide. Among various metal
promoters/catalysts for coupling reactions, Ni(0) is the most
promising in terms of the reactivity and selectivity for inter-
molecular C-C coupling reactions or reductive dehalogenative
polycondensation, and thus, has been utilized for the for-
mation of high-molecular-weight polyaromatics. Typically,
Ni(0) is used as complexes with organic ligands such as
cyclooctadiene (cod) and triphenylphosphine (PPh;) because
of their stability in inert conditions, easy handling, high
reactivity, and good solubility in organic solvents, although
they are expensive and require high purity. Ni(cod), is one of
the most extensively used polymerization promoters as it can be
used with aromatic chlorides, which are usually less reactive
than bromides and iodides but are more versatile and widely
available. In addition to functionalized polyphenylene-based
ionomers, quaternized polyaromatics containing heterocyclic
groups (e.g., poly(arylimidazoliums)) have also been prepared
via Ni(0)-mediated coupling reaction (refer to Scheme 16 in
Section 3.4).

A general synthetic scheme of polyaromatics used in
AEPs, utilizing Ni(0)-promoted coupling reactions, is shown
in Scheme 11a."®¥ 2% Typically, pre-aminated, tertiary amino
group-containing aromatic monomers and hydrophobic aro-
matic monomers are copolymerized. The polymerization
reaction usually proceeds rapidly and quantitatively within
3-8 hours at 80 °C in polar aprotic solvents such as
DMSO and DMAc. During the reaction, Ni(cod), undergoes
ligand exchange with 2,2’-bipyridine (bpy), which then oxida-
tively reacts with aryl chlorides to form adducts (1)
(Scheme 11b).>**?% The complexes form bisaryl complexes
(2) and dichloro complexes (3) through a disproportionation
reaction. The former yields the corresponding biaryl as the
dimer (4), while the latter provides NiCl,. The successive
reaction from (1) to (5) provides precursor polymers (6),
which are then quaternized to produce the final AEP products.
As the polymerization reaction is based on oxidative addition,
and Ni(0) is recovered as Ni(u) or NiCl,, a stoichiometric
amount of Ni(cod), is required as a promoter, as it does
not provide high molecular weight polymers with catalytic
amounts. In fact, an excess of Ni(cod),, often 1.5 to 2 times

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cs00186e

Open Access Article. Published on 26 April 2024. Downloaded on 3/7/2026 5:33:40 AM.

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

(cc)

Review Article

(a) \ \ \ s

N— N— *N-
Ni(cod),
bpy quaternization
Cl-Ary-Cl + CI-Ar,-Cl S(Ar)n-(Arg)- ————————— ~(Arq)n-(Arg)m-
80°C
(b) Ni%cod), + bpy —= Ni%cod)(bpy) + cod
y—Ar-C

Ni°(cod)(bpy) + CI-Ar-Cl — (cod)(bpy)Nl
()]

2(cod)(bpy)N|”/ (cod)(bpy)Nl"/ e, (cod)(bpy)Nl”/C[
@ © @ A )
cod: cyclooctadiene Cl-Ar-Ar-Cl NiCl,
bpy: 2,2'-bipyridyl )
Cl-(Ar),-Cl

(6)

Scheme 11 (a) Synthesis of polyaromatic-based AEPs via a Ni(0)-
promoted coupling reaction and (b) polymerization mechanism of poly-
aromatics promoted by Ni(cod),.

the equimolar amount, is typically utilized for efficient poly-
merization due to its susceptibility to water and oxygen in the
environment.

The IEC of the resulting AEPs can be tailored for different
applications by adjusting the molar ratio of repeating units.
These units are composed of hydrophilic components contain-
ing pendent quaternary ammonium groups and hydrophobic
aromatic units. AEPs are commonly prepared from tertiary
aminated monomers (e.g., containing dimethylaminoalkyl or
alicyclic aminoalkyl groups) as precursors for the quaternized
ammonium groups. These groups do not interfere with the
Ni(0)-promoted aryl halide insertion reactions and remain
intact during the polycondensation reactions. The tertiary
amino groups are readily quaternized by a typical Menshutkin
reaction with alkyl halides. For the methylating reagent,
although methyl iodide is most commonly used, dimethyl
sulfate is sometimes preferable despite its carcinogenic proper-
ties, since trace amounts of iodide ions could remain in the
AEPs even after subsequent ion exchange reactions, which may
deteriorate some of the favourable properties of the
resulting AEMs.

Another approach for producing polyaromatic-based quater-
nized AEPs involves chloromethylate precursor copolymers that
contain electron-rich phenylene rings, followed by a reaction
with tertiary amines to introduce quaternary ammonium
groups. This method is versatile and has been widely practiced
with many polyaromatics, as aromatic groups (without
electron-withdrawing groups) are reactive in electrophilic Frie-
del-Crafts reactions using chloromethyl methyl ether. However,
as mentioned in Section 2, the toxic nature and technical
problems of using chloromethyl methyl ether make this
approach less attractive compared to using tertiary aminated
monomers. Alternatively, in situ generation of chloromethyl
groups using paraformaldehyde, trimethylchlorosilane and

This journal is © The Royal Society of Chemistry 2024
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Lewis acid catalyst, such as tin chloride, has been also used
for AEP synthesis.>*®

The molecular weight of the polyaromatic-based precursor
copolymers, as measured by gel permeation chromatography
(GPC), typically falls within the range of several tens of thou-
sands for M,, and several hundreds of thousands for M,,. These
copolymers often have a somewhat higher molecular weight
distribution, or polydispersity index (PDI), which is likely due to
the relatively rapid polymerization reaction promoted by Ni(0).
Typical PDIs are around 4 but can be higher than 10, depending
on the reactivity of the monomer and the polymerization
conditions. The coupling reaction can produce polymers with
sufficiently high molecular weights to afford thin flexible
membranes by solution casting. Since the Ni(0)-promoted aryl
C-C coupling reaction is very fast and many aryl chloride
monomers are highly reactive, the resulting copolymers are
randomized rather than sequenced, even when there are con-
siderable differences in the reactivity of the comonomers.
Terpolymers composed of two different hydrophobic compo-
nents, introduced to include additional functionality, have also
been investigated.>*'**® Furthermore, some semi-block copoly-
mer AEPs have employed pre-synthesized telechelic (chlorine-
terminated) hydrophobic oligomers, which were then copoly-
merized with hydrophilic monomers.”*” In most cases, traces of
metal catalysts can be easily removed by appropriate workup
with mineral acids (e.g., hydrochloric or nitric acid) after the
polymerization reaction to the level that does not affect the
properties of the resulting membranes and the performance/
durability of the devices.

A remaining challenge of using the Ni(0)-promoted coupling
reaction for the synthesis of polyaromatic-based AEPs is
enabling the polymerization reaction with catalytic, or less than
stoichiometric, amounts of costly Ni(cod),. One report reveals
that the amount of Ni(cod), could be reduced to half of the
conventional amount by using excess bpy ligands.>*®> Another
approach involves using ZnX,, where X = Cl or Br, as a catalyst
in the presence of reducing agents (e.g., Zn powder) and ligands
(such as bpy or PPh;). In this method, the in situ reduction of
Ni(u) to Ni(0) and ligand exchange reactions produce reactive
Ni(0) species (Scheme 12). Iodide-containing additives, like Nal
or EtNI, also facilitate the reduction of Ni(m).>*> The

Cl-Ar r-Cl
)\““(bPY)z (bpy)le'V

Cl
CI-Ar-Cl
NC(py), 7 NiBr,

NiBr, % Ni%(bpy)2
ZnBr, Zn,

Zn, ZnBrz/\ _— bpy
bpy nBra
ArCl Ni'(bpy)2Cl, n ()

1l
N (bpy) N|” Ni (bpy)zBrz
Cl-ArAr-Cl NG o r?‘V

lu

Cl-(A),-Cl

\J Cl-ArCI

Scheme 12 Possible polymerization mechanism for the synthesis of
polyphenylenes from dichloroaromatics catalysed by Ni(i) in the presence
of Zn as a reducing agent.
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Scheme 13 Synthesis of polyaromatic-based AEPs via Suzuki coupling reaction using Pd(0) catalyst.

polymerization is effective for non-ionic monomers, yielding
corresponding high molecular weight polyaromatics, but it is
less successful with functionalized monomers, such as those
that are brominated or tertiary aminated. Employing appro-
priate protecting groups may prevent side reactions and
increase the reactivity of these functional monomers, although
the accompanying protecting and deprotecting reactions are
cumbersome.

A few other metal-promoted polymerization reactions have
been developed for AEPs. The most successful and promising
one is based on Suzuki coupling using Pd(0) catalyst.'®*>°%2%
The polymerization reaction requires dibrominated and
diboronic acid (or in many cases, as pinacol boronate, Bpin)
aromatic compounds as reactive monomers. It proceeds quan-
titatively with a catalytic amount (ca. 2 mol% of the total
monomers) of Pd(PPh;s), under basic conditions. A typical
polycondensation reaction shown in Scheme 13 is carried out
in toluene at 100 °C for 1.5 to 5 days to provide the pendent
brominated precursors (M, = ca. 30 to 80 kg mol~ ', PDI = ca.
2-3). These precursors are then quaternized with tertiary
amines, such as trimethylamine and methylpiperidine to
obtain desired AEPs with targeted IECs.

Fig. 10 lists some recent polyaromatic-based AEPs that have
been synthesized via metal-promoted polycondensation reac-
tions, most commonly using Ni(cod),. Fluorenyl groups are
often employed as hydrophobic components and/or scaffolds

<
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for pendent ammonium groups since the halogenated fluorenyl
monomers are readily available and highly reactive in both
Ni(0)- and Pd(0)-promoted polymerization reactions. The
hydrophobic groups are often partially fluorinated to augment
the differences in hydrophobicity between the units. This
approach helps to develop a phase-separated morphology,
creating efficient ion transport pathways."*®"'%”

Most polyaromatic-based AEMs exhibit high anion conduc-
tivity in water within the temperature range of 20-80 °C. Fig. 11
plots water uptake and hydroxide ion conductivity (both mea-
sured at 30 °C in water) as a function of the IEC obtained by
titration for recent polyaromatic-based AEMs. These membrane
samples feature various main chain and side chain structures,
ionic groups, and copolymer/terpolymer compositions. The
water uptake demonstrates a roughly linear relationship with
the IEC, where two distinct trend lines are observed (Fig. 11a).
The trend line with higher slope corresponds to AEMs contain-
ing perfluoroalkyl groups (i.e., QPAF-1,"%® QPAF-4,"*> and BAF-
QAF'”’) as hydrophobic component, while the lower slope line
is of those containing alkyl and fluorenyl hydrophobic groups
(i.e., PFB+,'®* PFF+,'®®> PFBFF+,'®®> PFPE,**® and PFPB**). An
interesting and counterintuitive finding is that AEPs with more
hydrophobic perfluorinated main chains tend to show higher
water uptake. The hydroxide ion conductivity of the mem-
branes does not show a strong correlation with the IEC
(Fig. 11b). In fact, the highest conductivity (89 mS cm™") is

+
- N

L OOy

PFB+

-(CH2)- 1

—(CH )3 I~ )-(CHy)s—
O+~

PFPE (R=1)
PFPB (R=2)

Fig. 10 Selected examples of polyaromatic-based AEPs synthesized via metal promoted polycondensation (PFBFF+ of which structure is not shown is a

copolymer of PFB+ and PFF+).
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Fig. 11 (a) Water uptake, (b) hydroxide conductivity as a function of the
IEC, and (c) hydroxide ion conductivity as a function of water uptake for

Ni-catalysed polyaromatic-based AEMs (the data were measured at
30 oC).162,188,192,193,197,208,209

exhibited by the QPAF-1 membrane, which has a relatively low
IEC of 1.33 mequiv. g~ "."** The conductivity appears to be more
closely related to the water uptake (Fig. 11c), where two
different trend curves are obtained, similar to the water
uptake/IEC relationship. Both curves exhibit similar conductiv-
ity plateaus when the water uptake exceeds approximately
100%, likely due to a dilution effect.

Polyaromatic-based AEMs exhibit Arrhenius-type tempera-
ture dependence for hydroxide ion conductivity in water, at
least up to 80 °C, reaching conductivity values higher than
160 mS cm . The activation energy, estimated from the slopes
of the lines, is approximately 10-12 kJ mol . Since the mem-
branes absorb large amounts of water, and the absorbed water
molecules are predominantly located in the vicinity of the
ammonium groups or within the hydrophilic channels, it is
reasonable to assume that the hydroxide ions migrate via the
Grotthuss mechanism, including the H-bonding between water
molecules/hydroxide ions.

The alkaline stability of AEPs synthesized by metal-
promoted polycondensation reactions has been evaluated in
hot (60-90 °C) and concentrated (1-10 M) alkaline solutions

This journal is © The Royal Society of Chemistry 2024
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(NaOH or KOH aqueous solution). A negligible decrease in
conductivity was observed over one month or even longer under
most conditions. However, in more concentrated solutions
(e.g., >8 M KOH), the conductivity gradually decreases by up
to 20%”°' depending on the ammonium structure. Post-
structural analyses, including '"H NMR spectra and mechanical
properties, suggest that the aryl ether-free polyphenylene back-
bones prepared by metal-promoted coupling reactions remain
stable in alkaline solutions even when the ammonium groups
degrade to some extent. Despite the disadvantages, such as the
requirement for dichloro-containing monomers, a stoichio-
metric amount of the Ni catalyst, or the use of an expensive
Pd catalyst, metal-promoted polycondensation has been
employed as a tool to demonstrate various structures of AEPs
with high backbone chemical stability.

3.3. Ionenes by nucleophilic substitution

3.3.1. Ammonium ionenes. Ionenes are polymers contain-
ing quaternary nitrogen atoms integral to their backbone
structure. Ionenes must not be confused with ionomers, which
denote polymers containing both ionic and non-ionic units
along the backbone. However, in the context of the present
review, ionomers usually refer to AEPs employed in electrode
layers. A wide variety of different ionenes can be prepared
through repetitive Menshutkin reactions, for example, between
a dihalide and a nucleophilic tertiary diamine. This process
leads to the quaternization of the amine and chain growth at
each step. The first ionenes were reported in 1933 by Marvel
et al., who polymerized dimethylamino-n-alkyl halides to form
corresponding polymeric products (Fig. 12a).>'® Subsequently,
Rembaum and co-workers conducted polymerizations of ter-
tiary diamines and dihalides, preparing and studying a range of
different aliphatic ionenes (Fig. 12b).>'" During the same
period, Salamone and Snider demonstrated the synthesis of
ionenes using a rigid, cyclic tertiary diamine, specifically
DABCO (Fig. 12¢).>'* These early studies revealed that the
choice of solvent is important for the polymerization rate in
ionene synthesis, and that alkyl bromides are more reactive
than alkyl chlorides. Achieving high molecular weights requires
strict stoichiometric conditions, necessitating the use of pure
monomers. Moreover, conditions must be carefully tailored to
minimize potential side reactions, such as ring formation and
the elimination of HBr.>'*?"*

Following the pioneering work of Marvel and Rembaum, a
large number of different aliphatic ionenes have been synthe-
sized and studied, although most of these ionenes have not
been utilized for membrane applications.”’**!” Due to their
high chain flexibility and high ionic content, aliphatic ionenes
are typically water-soluble and act as polyelectrolytes in
solution.>"® Hence, in order to be employed as AEMs these
ionenes need to be efficiently immobilized by, for example,
blending®'®** or through covalent coupling with hydrophobic
polymers to form segmented block®** or graft®*® copolymers.
Besides ammonium ionenes, phosphonium-based ionenes
have been prepared through nucleophilic substitution polymer-
izations of tertiary diphosphines and dibromoalkanes.**®
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Fig. 12 Early examples of ionenes: (a) the first ionene reported in 1933, (b) ionenes using different aliphatic chain lengths of dihalide and diamine

monomers, and (c) ionene structure derived from DABCO.

However, these polymerizations are complicated because of
the sensitivity of the diphosphites to air and water.>** To date,
no membrane properties of this type of ionenes have been
reported.

3.3.2. Spirocyclic ionenes. Aliphatic and benzylic ammo-
nium cations in linear ionenes are prone to degrade under
alkaline conditions, resulting in both ionic loss and polymer
backbone cleavage.>'**'* In this context, Marino and Kreuer
have demonstrated that certain cycloaliphatic ammonium
cations with low ring strain, particularly N-spirocyclic quatern-
ary ammonium cations, display very high alkaline stability. It is
attributed to the restrictions on the bond angles imposed by the
ring configuration, which raises the activation energy of the
transition state in the ionic degradation reactions.’” As a result,
N-spirocyclic ionenes (‘“‘spiro-ionenes’”) have become attractive
for application as AEMs.*®*?”

Early work by Miillen et al. demonstrated the synthesis of a
spiro-ionene employing benzobis(tetrahydropyrrole), a tricyclic
secondary diamine, and 1,2,4,5-tetrabromomethylbenzene in a
repetitive Menshutkin-type cyclo-quaternization reaction.>*®
Because this reaction involves a secondary amine, it is neces-
sary to employ a non-nucleophilic base to deprotonate the
secondary amine to form the nucleophile. From the solubility
properties, it was inferred that the ionomer had a rod-like
shape and exhibited polyelectrolyte effects. Aiming to prepare
AEM materials with high alkali stability, Jannasch and co-
developed a cyclo-quaternization polymerization
involving 1,2,4,5-tetrabromomethylbenzene and two different

workers

“ %’ @“‘C@j C>‘>

DIPEA, DMF/H,O
60°C,1-2h

Br ‘
Br. Br —_—

QW\C‘@@SM
e 100N +<3~ PN +C~+

PBP-ASN

secondary bis-piperidines using N,N-diisopropylethylamine
(DIPEA) as the base to produce spiro-ionene 1 and 2, respec-
tively (Fig. 13a).>'® Despite the potential side reactions, the
cyclization reaction was very efficient, yielding high molecular
weight polymer products (M, = up to 80 kg mol ') with IECs
of 4.0-4.6 mequiv. g~' in quantitative yields after merely
1-2 hours. The spiro-ionenes were film-forming and thermally
stable up to 300 °C, with no degradation detected by "H NMR
analysis after storage in 1 M KOD/D,O at 80 °C. However, signs
of degradation through ring-opening elimination and ring-
opening substitution (Scheme 4d and e, respectively) emerged
when the temperature was raised to 120 °C, with spiro-ionene 2
(10% total ionic loss after 336 hours) being more stable than
spiro-ionene 1. The authors hypothesized that the flexible
trimethylene bridge of the former ionene greatly facilitates ring
relaxation compared to the latter.”'® Water-stable AEMs were
obtained by blending spiro-ionene 2 with PBI to form
ammonium-benzimidazolate complexes for ionic crosslinking
under basic conditions (Fig. 13b). A transparent AEM blend
containing 70 wt% spiro-ionene 2 gave a hydroxide conductivity
of 120 mS em ™" at 90 °C.*'®

Li and co-workers prepared a family of ionenes based on
biphenyl (PBP-ASN), naphthalene, and bi-naphthalene, respec-
tively (Fig. 13c), and benchmarked the properties against spiro-
ionene 2.°' These spiro-ionenes combine 5-/6- and 6-/6-
membered rings, respectively, in their spirocyclic arrangement,
which are expected to influence the stability of the materials.
Model compound testing and DFT calculations indicated that

)
-
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r Spiro-ionene 1

Br Spiro-ionene 2
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h
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Fig. 13 Chemical structures of spirocyclic ionenes used for AEP: (a) spiro-ionenes from bis-piperidines, (b) ionic crosslinking of spiro-ionenes with PBI
to form water-stable AEMs, (c) ionenes based on biphenyl, naphthalene and bi-naphthalene, respectively, and (d) the grafting approach of oligomeric

ionene to polysulfone for AEM formation.
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the 5-/6-membered rings, originating from the tetrabenzylbro-
minated phenyl and biphenyl monomers, were more stable
than the corresponding 6-/6-membered rings of the
naphthalene-based monomers, probably due to the strongly
electron-withdrawing effect of the naphthalene rings.*'° Addi-
tionally, the naphthalene-based monomers produced ionenes
with lower molar masses than those derived from phenyl and
biphenyl monomers. Ionically crosslinked blends based on
spiro-ionene 2 and PBP-ASN, each containing 20% of a
naphthalene-based PBI, were prepared and reached a hydroxide
conductivity just above 50 mS cm ™" at 80 °C. After 1000 hours
in 5 M NaOH at 80 °C, the blend containing spiro-ionene 2
retained more than 60% of its original conductivity, whereas
the blend with PBP-ASN only maintained 40% of its original
value, suggesting that spiro-ionene 2 is the more stable ionene.

Jana et al. prepared ionically crosslinked AEM blends of
spiro-ionene 2 and a pyridine-containing PBL.>*° An AEM (IEC =
2.39 mequiv. g~') containing 70% of the ionene reached a
hydroxide conductivity of 129 mS cm ™" at 90 °C and retained
80% of the conductivity after 500 hours in 2 M KOH at 60 °C. Fu
and co-workers employed molecular dynamics (MD) and DFT
calculations to study the effect of the degree of deprotonation
and backbone flexibility of the PBI component in blends of
spiro-ionene 2 and PBI as AEMs. The results showed that
electrostatic interactions between the ammonium cations and
the deprotonated imidazole play a central role in restricting the
water uptake of the AEMs. The electrostatic interactions were
found to be enhanced by protonation but weakened by the
chain flexibility of the PBL.>*° In subsequent work, the same
group used MD simulations to study the mechanism of hydro-
xide conductivity in blend AEMs composed of spiro-ionene 2
and a naphthalene-based PBI.>*°

Besides blending, water-soluble spiro-ionenes can also be
immobilized by grafting onto hydrophobic polymers. Following
this strategy, Liu et al. tethered oligomeric spiro-ionene 2 to
PES (Fig. 13d).>*’ First, an oligomeric spiro-ionene 2 terminated
with secondary piperidine rings was prepared.”'® Next, a ben-
zylbrominated PES was prepared by first conducting a K,CO;
catalysed polycondensation of bis(4-fluorophenyl)sulfone, 4,4'-
dihydroxybiphenyl, and methylhydroquinone, followed by a
radical-mediated benzylbromination using benzoylperoxide
and N-bromosuccinimide. The grafting reaction was subse-
quently performed in a DMSO solution at 90 °C using DIPEA
as the catalyst. AEMs prepared from the graft copolymers
retained 84% of the hydroxide conductivity and 86% of their
IEC after immersion in 2 M NaOH at 80 °C for 864 hours. NMR
analysis revealed that nucleophilic substitution was the domi-
nant degradation mechanism. AFM and TEM analysis showed a
distinct microphase-separated morphology. The AEM with
IEC = 1.75 mequiv. g " exhibited a hydroxide conductivity of
96 mS cm ! at 80 °C, a water uptake of 33%, and a dimensional
swelling ratio of 8%.>%°

3.3.3. (Benz)imidazolium ionenes. Imidazole and benzimi-
dazole are 1,3-diazoles and can be considered as cyclic aromatic
diamines.”*' Ionenes based on (benz)imidazolium cations
have mainly been prepared in polymerizations where the

This journal is © The Royal Society of Chemistry 2024
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heterocycles are directly formed in a cyclocondensation reac-
tion, and this work is reviewed in Section 3.4. In the present
section, a few examples of ionenes prepared by nucleophilic
substitution reactions involving pre-made (benz)imidazoliums
are discussed.””'***?3* yang et al. prepared two imidazolium
ionenes by polymerizing a butyl-bridged bis-imidazole with
either 1,4-dibromobutane or 1,4-dibromomethylbenzene,
resulting in low-to-medium molecular weight polymers
(Fig. 14a).”®> AEMs cast from blends of these ionenes with
PBI exhibited IECs ranging from 0.71 to 2.29 mequiv. g~ ', water
uptake of 24-68%, and achieved conductivities of up to 74 mS
em ' at 80 °C when immersed in 1 M KOH. The AEMs derived
from 1,4-dibromobutane generally showed higher conductivity.
After immersion in 1 M KOH at 80 °C for 100 hours, the blend
AEMs retained 62-76% of their hydroxide conductivity. Follow-
ing NMR analysis, it was concluded that the degradation of the
AEMs occurred through hydrolysis of the imidazolium cations.

Holdcroft et al,>*® and later Coates and co-workers,>**
have shown that imidazolium and benzimidazolium cations
can be efficiently sterically protected from hydroxide attack
by appropriate substitution, especially by incorporating
bulky groups at the C2 position. Using butyl-bridged
bis-(2-phenylbenzimidazole) and bis-(2,4,5-triphenylimidazole),
Yang et al. carried out nucleophilic substitution polymeriza-
tions with 1,4-dibromomethylbenzene to prepare phenyl-
substituted benzimidazolium and imidazolium ionenes,
respectively (Fig. 14b).”*' These ionenes were then blended
with PBI to produce water-stable and mechanically strong
AEMs with IECs in the range of 1.0-1.5 mequiv. g~', water
uptake of 39-57%, and area dimensional swelling of 14-17% at
80 °C. A triphenylimidazolium-based AEM with an IEC
of 1.5 mequiv. g ' achieved a hydroxide conductivity of
52 mS cm™ " at 80 °C. Alkali-stability testing in 1 M KOH at
80 °C showed that the imidazolium-containing AEMs retained
conductivity better than the benzimidazolium-based AEMs.

(@) =\ B
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NN Bf—©_8r DMF, 60 °C

2-12h
<> = Br
Br Br = Br\/©/\

TN % N/\/\/N
\—/ Br— "
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Fig. 14 Chemical structures of imidazolium and benzimidazolium-based
ionenes: (a) nucleophilic substitution polymerization to prepare imidazo-
lium ionenes, (b) sterically-protected phenyl-substituted benzimidazolium
and imidazolium ionenes, and (c) sterically-protected benzimidazolium
ionene.
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However, all the AEMs suffered from a significant conductivity
loss during the first 200 hours. "H NMR analysis revealed that
the benzimidazolium ionene had degraded (as will be dis-
cussed later in Section 3.4.1), while the corresponding imida-
zolium ionene was much more stable.

synthesized a sterically-
protected benzimidazolium ionene by polymerizing 2-(2,4,6-
trimethylphenyl)benzimidazole and 1,4-dibromomethylbenzene
by first deprotonating the benzimidazole using NaH, and then
adding the dibromo monomer (Fig. 14c).”** The former monomer
was obtained by reacting 2,4,6-trimethylbenzoic acid and 1,2-
diaminobenzene in polyphosphoric acid at 200 °C.>** However,
the resulting ionene was not film-forming, likely due to its
moderate molecular weight (M,, = 40 kg mol™ ") and the highly
rigid backbone structure. Self-supporting blend AEMs were
instead obtained after co-casting with PBI, which reduced the
IEC from 2.67 mequiv. g ' for the neat ionene, to 1.33-
1.78 mequiv. g~ ' for the blend AEMs. The water uptake and
conductivity of the blend AEMs ranged from 32-49% and 0.35-
0.64 mS cm ™' at 60 °C, respectively, in the Cl~ form. The AEMs
were subsequently evaluated in vanadium RFB, and hence the
hydroxide conductivity and alkali stability of these materials were
not evaluated.

Ionenes synthesized by nucleophilic substitution have
emerged as an important class of AEPs. Depending on the
structure of quaternary ammonium, an ionene can exhibit
enhanced alkaline stability, as shown for the spiro-ionene
structures. However, the location of the anion exchange groups
in the backbone and the high-water uptake make these materi-
als less ideal for membrane applications as free-standing films.
Consequently, various blending strategies, inducing ionic
crosslinking, have been developed to improve membrane sta-
bility and evaluate ionene-based AEPs in electrochemical
devices.

Henkensmeier and co-workers

3.4. Polybenzimidazoliums and polyimidazoliums

3.4.1. Early development of polybenzimidazoliums. PBIs
are a class of high-performance polymers first reported in the
1950s.>*> The noteworthy m-PBI, (poly(2,2’-(m-phenylene)-5,5'-
bibenzimidazole)), was reported by Vogel and Marvel in
1961.%*® m-PBI forms tough membranes and fibres, possessing
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Scheme 14 (a) Deprotonation and alkylation of m-PBI,
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outstanding chemical resistance and thermal stability,
ing it attractive for aerospace materials, fire-resistant
fabrics, and high-temperature PEMs.>*® The original synthetic
route to PBI involved a two-step melt condensation of 3,3’
diaminobenzidine with diphenyl isophthalate, which entailed
melting, cooling, grinding, and reheating mixtures of mono-
mers to high temperatures. Catalysts allow for less expensive
isophthalic acid monomers to be used.**® A third route involves
a solution polycondensation of monomers in polyphosphoric
acid.”*® However, PBIs exhibit poor solubility in organic sol-
vents due to strong H-bonding, which limits their processabil-
ity. Consequently, significant research has been directed
toward functionalizing the nitrogen to reduce H-bonding.
Using a strong base, m-PBI may be deprotonated to its anionic,
soluble form, whereby the addition of an alkyl halide functio-
nalizes the anionic nitrogen, as shown in Scheme 14a.>*! This
strategy has been used to attach various N-functional groups.>*>
Nonetheless, this method generally employs an excess of alky-
lating agent, resulting in polymers with more than 50% degree
of N-substitution, i.e., more than two of the four nitrogen sites
are functionalized. In 1993, Hu et al. reported the use of excess
alkylating agent to prepare 100% methylated m-PBI (polydi-
methylbenzimidazole, denoted PDMBI, Scheme 14b), enhan-
cing its solubility.>*® This was the first attempt to fully N-
alkylate PBI into a polybenzimidazolium. Nearly two decades
passed before the realization that alkylated polybenzimidazo-
liums were recognized as useful polymers in the design of
AEMs. In 2011, the research groups of both Henkensmeier***
and Holdcroft®*® independently published studies on the
synthesis and anionic conductivity of PDMBI, reporting that
the hydroxide ion form was elusive because the C2-position of
the benzimidazole undergoes facile nucleophilic attack by
hydroxide, as shown in Scheme 14c.

3.4.2. C2-Protected polybenzimidazolium ionenes. Faced
with the rapid degradation of polybenzimidazoliums in alka-
line media, it was demonstrated that substituting the pheny-
lene group in the backbone with a mesitylene group
significantly improves their stability in the base. This improve-
ment results from the increased orthogonality of the mesitylene
group with respect to the benzimidazolium ring and the steric
hindrance created around the C2-carbon by the flanking methyl
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b) alkylation to PDMBI, and (c) the degradation route of dimethylbenzimidazolium hydroxide.
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Fig. 15 Structures of C2-phenyl-substituted benzimidazolium polymers: (a) mesitylene-polydimethylbenzimidazolium (Mes-PDMBI); (b) hexamethyl-p-
terphenylene-polydimethylbenzimidazolium (HMT-PDMBI); and (c) polyphenylene benzimidazolium (PPMB).

groups.”®®  C2-Phenyl-substituted benzimidazolium, Mes-

PDMBI (Fig. 15a), exhibited no observable degradation in 6 M
KOH at 20 °C or 2 M KOH at 60 °C for 10 days, yet possessed a
high IEC of 4.5 mequiv. g~ 7, conferring water solubility, which
facilitated in situ NMR spectroscopic studies of its stability
while dissolved in caustic solutions. Its high IEC, however,
rendered the polymer impractical as a standalone membrane in
aqueous electrochemical devices. Therefore, Mes-PMDBI was
blended with water-insoluble PBI to prepare water-insoluble
membranes, yielding AEMs with bicarbonate conductivity of
10 mS cm '. Noting that blending with a polymer limits
processability, the short mesitylene unit in the main
chain was replaced with hexamethyl-p-terphenylene (HMT)
to increase the hydrophobicity of the polymer while maintain-
ing steric C2-protection of the benzimidazolium.>*®>*
HMT-PDMBI (Fig. 15b) features a tunable IEC from 1.1 to
2.7 mequiv. g~ ' (controlled by the degree of methylation) and
showed no signs of degradation in 2 M KOH at 60 °C for
extended periods and only minor signs of chemical degradation
when subjected to 6 M NaOH for several days. Its hydroxide ion
conductivity was reported to be 100 mS ecm '.>*® Dynamic
computational simulations revealed that water molecules are
imbibed to form a tortuous but contiguous, narrow pathway for
ion conduction, even at modest levels of hydration,>*® which
explained the high ion conductivity in the lack of ion-
containing side chains and the absence of long-range morpho-
logical structures, as typically observed in ion-conducting poly-
mers. Scaled-up synthesis of HMT-PDMBI has been reported in
kilogram quantities in high yield. Membranes cast from HMT-
PDMBI solutions are reported to be mechanically strong, with
tensile strength and Young’s modulus of 33 MPa and 225 MPa,
respectively, surpassing those of a Nafion™ benchmark. The
hydroxide anion form exhibits high ex situ chemical and
mechanical stability, which remained unchanged after expo-
sure to 1 M NaOH at 80 °C or 6 M NaOH at 25 °C for 7 days,
showing only 6% degradation when exposed to 2 M NaOH at
80 °C for 7 days.

Given that the methyl groups attached to the C2 position of
mesitylene (Fig. 15b) are paramount to stabilizing PBI, it was
speculated that bulkier groups could provide even greater

1) NH40Ac, AcOH,
1,4-dioxane, 120 °C
35 min, Microwave-assisted

protection against hydroxide attack. Consequently, the methyl
groups were replaced with phenyl groups to instil even greater
steric hindrance around the C2-positon (Fig. 15¢).>*”**° These
m-terphenyl-protected benzimidazolium AEMs, poly(4,4”-[2'-
(1,3-dimethyl-1H-benzimidazolium-2-yl)-m-terphenylene]) (PPMB),
are reported to exhibit an exceptional half-lifetime stability of
more than 3000 hours in 3 M NaOH at 80 °C. This enhanced
stability is believed to be due to the suppression of ring-opening
by hydroxide ion attack at the C2 position.

3.4.3. Polyimidazolium ionenes. DFT studies have revealed
that the dimethyl-imidazolium cation is more stable against
C2-hydroxide attack than its dimethyl-benzimidazolium
counterpart,”" which was experimentally verified in small
molecule model compound studies.”** Hexamethyl terpheny-
lene polyimidazolium ionene analogues of these small mole-
cules, HMT-PPI, have been prepared through microwave-
assisted polycondensation of a dialdehyde and bisbenzil. The
subsequent deprotonation of the imidazole N-H and alkylation
produced the C2-protected poly(arylene-imidazolium) with
high molecular weight (Scheme 15). The resulting material
yielded tough pliable, transparent films with exceptionally high
tensile strength. These films demonstrated an order of magni-
tude improvement in stability over their benzimidazolium
analogues under highly caustic conditions.>®> In their hydro-
xide form, they exhibited an IEC of 2.6 mequiv. g and a
carbonate/bicarbonate conductivity of 14 mS cm ™' at 25 °C.
Analysis by "H NMR spectroscopy indicated no signs of degra-
dation in 10 M KOH at 100 °C over 7 days.

3.4.4. Poly(bisimidazolium) ionenes. The suppression of
degradation in C2-protected imidazolium from ring-opening
revealed that the next mode of degradation was dealkylation.
The dealkylation degradation pathway was subsequently mini-
mized by incorporating bulkier alkyl side chains attached to the
N1/N3 positions of the imidazole.”***** Longer alkyl chain
derivatives (with more than four carbons) are reported to be
significantly more stable (with half-life exceeding 10 000 hours)
than their methyl derivatives, but to the detriment of reduced
IEC and dilution of the charge carriers. A reduction in charge
carrier concentration can be compensated by introducing
bis-imidazolium cations into the polymer, which can achieve

2) 5 M KOH, DMSO, Mel,
70°C - RT, 1h

HMT - PMPI

Scheme 15 Synthesis of hexamethylterphenylene polyimidazolium (HMT-PMPI).
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Scheme 16
(DMP-PMPI-RR) having N,N’-dialkyl functionality.

theoretical IECs as high as 3.0 mequiv. g ' (i.e., when fully
methylated).”*® Such sterically-protected poly(arylimidazolium)
AEPs were prepared by Yamamoto-coupling polymerization
(the Ni-mediated coupling reaction discussed in Section 3.2)
of dichloro-imidazole monomers as shown in Scheme 16a. This
synthetic route is substantially different from the previously
reported poly(arylimidazolium) AEPs, which were based on bis-
diketone/dialdehyde/ammonium polycondensation. The biaryl-
coupling polymerization route typically results in low molecular
weight polymers because of the limited solubility of highly rigid
aromatic backbones. However, the adopted synthetic strategy
allows for the preparation of an intermediary polymer in its
semi-alkylated form, which exhibited much higher solubility
and resulted in high molecular weight poly(arylimidazole)s
(M, = 140 kg mol™"). N-Alkylation of the polymers was
achieved by reacting them with various alkylating reagents to
produce different poly(arylimidazolium) AEPs. These sterically-
protected poly(bis-arylimidazolium) polymers demonstrated
high stability in caustic solutions; for example, a butylated
derivative is reported to exhibit a half-life exceeding 8000 hours
in 10 M KOH at 80 °C.>*

Having established a viable route for designing robust
poly(imidazolium) AEPs through C2-protection of the imidazo-
lium, it became paramount to be able to tune these polymers
for specific properties. The water content, or more specifically,
the number of water molecules per ion, affects every physico-
chemical property of an AEM.>'>?** To achieve higher ionic
conductivity, a high ionic content of AEMs is considered
necessary. However, increasing the IEC enhances the hydro-
philicity and water content, which in turn induces significant
changes in AEM properties due to osmotic pressure, such as
deleterious volumetric and morphological transformations.
Furthermore, reduced solvation of hydroxide ions under low
hydration conditions decreases the shielding of their negative
charge, promoting mechanisms of nucleophilic attack. Conse-
quently, water content is a critical parameter in considering the
electrochemical applications of AEMs,>*>*%° and a deeper
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(a) Synthesis of C2-protected poly(bisarylimidazolium) AEPs (PAIM). (b) Synthesis of aryl imidazole monomers and the poly(arylimidazolium)

understanding of the structure-property relationships is
required to fully comprehend the influence of the molecular
structure of polyimidazolium ionenes on water content and the
effect of water. Due to the rapidly rising interest in this class of
polymers, attention to the complex interplay between ionic
content and conductivity/hydration relationships is still in the
earlier stages of investigation.

A pioneering case study, published in 2020, presented a
cross-correlation of ionic conductivity and water uptake in
poly(arylimidazolium) ionenes. These polymers were prepared
by Yamamoto coupling of penta-substituted imidazolium
monomers having steric protection at the imidazolium C2-
position (Scheme 16b).>>” The monomers having one N-alkyl
function were synthesized in several steps. N-Alkylation
occurs at either of the two nitrogen sites, resulting in the
monomer being obtained as a mixture of the two structural
isomers. Consequently, polymerizations yield polymers
with mixed repeat unit configurations forming either of three
possible configurations. The ionic conductivities of these
poly(imidazolium) membranes vary significantly with IEC,
and this trend holds regardless of repeat unit structure and
coupling configuration. Polymerization and quaternization are
reported to be near-quantitative in yield, but the conversion of
the second N-alkylation decreases with increasing alkyl chain
length, consistent with the general trend of decreasing reactiv-
ity with increasing alkyl chain length of n-haloalkanes in
quaternization reactions. This leads to a decreasing degree of
quaternization and decreasing ionic content with increasing
alkyl chain length. AEMs in their hydroxide counterion forms
convert to their mixed carbonate form upon exposure to air
containing CO,. Therefore, the cross-correlation of water
uptake and ionic conductivity was presented using the chloride
form, which remained stable in the air. The observed trends of
o(cyy ~ IEC for these polymers are in agreement with those of
comparable poly(arylimidazolium)s. AEMs with higher IEC
exhibit a lower range of ion conductivity (¢) and hydration
number (1) within certain limits of temperature and humidity.

This journal is © The Royal Society of Chemistry 2024
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Decreasing the IEC correlates with an increase in the effective
activation energy of ion transport at a constant 4, leading to the
conclusion that AEMs with lower IEC are more dependent on
environmental conditions, such as RH and temperature.

3.4.5. AB polyimidazolium ionenes. Vogel and Marvel ori-
ginally synthesized PBI polymers through polycondensation of
two bifunctional monomers: bis-tetraamines and bis-carboxylic
acids.”**?**® Additionally, AB polymerization of bifunctional 3,4-
diaminobenzoic acid to form poly(2,5(6)-benzimidazole) was
reported, where the inherent viscosities (1i,,) of the polymers
were correlated with their chemical structure. As mentioned
earlier, the most processable of these polymers, the AA + BB
poly(2,2’-[m-phenylene]-5,5"-bibenzimidazole)  (m-PBI) was
commercialized in 1983.25%2° Sol-gel processing developed
by Benicewicz et al.”®! significantly enhanced the membrane-
forming properties of this polymer.'® Inspired by Debus-
Radziszewski condensation in AA + BB macromolecular
syntheses of polyimidazoles pioneered by Marestin and
Mercier,®>2%* Overton and Holdcroft recently reported the
first AB-type poly(arylimidazole) (AB-PAIM) synthesis
(Scheme 17),”* introducing C2-protection at the imidazolium
repeat units. AB polycondensation facilitates the introduction
of end-group chemistry onto these polymers, offering a syn-
thetic opportunity for further optimisation and stabilization of
their physicochemical properties.>*® End-group chemistry was
used, for example, to control the number-average degree of
polymerization (X,) of AB-PAI polymers, as X, is often crucial
for the effective processing of polymers. Advantageously, it was
found that steric encumberment of the imidazole C2 introduced
in the AB-type monomer did not inhibit polycondensation. Par-
tially quaternized, primary chain AB-PAI polyelectrolytes, such as
ionenes, have zwitterionic imidazolate-imidazolium character,
owing to the conjugate base of imidazole (pK, ~ 7). Therefore,
AB-PAI polymers and their derivatives could be useful in complex
and heterogeneous ion transport applications.

3.5. Diels-Alder polymerization

Diels-Alder polymerization was first employed to develop ion-
conducting polymers for fuel cell applications by Sandia
National Laboratories in 2001. Polyphenylene composed of

NH4OAC ;
N

AB - PAI

View Article Online
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para- or meta-linkages of phenylene units can be synthesized
by [4+2] Diels-Alder cycloaddition of a bis-diene (such as

bistetracyclone, BTC) and a bis-dienophile (1,4-diethynyl-
benzene, DEB), reported by Frietag,”®” Ried,>®® and Stille
et al®>®®?”> The mechanism of this reaction is shown in

Scheme 18; depending on the diene and dienophile used,
either para- or meta-linkages are generated. For instance, a
para-linkage is formed when R, of the diene is on the opposite
side of R; of the approaching dienophile. The [4+2] cycloaddi-
tion forms a carbonyl-bridged intermediate that subsequently
extrudes carbon monoxide, driven by the formation of a more
energetically stable aromatic centre. The resultant polymer
contains pendent phenyl rings and a mixture of backbone
para/meta-linkages that inhibit molecular weight limiting n-n
interactions,””® leading to good solubility in organic solvents®”°
and favourable mechanical, film-forming properties.>’**”> Proton
conducting membranes have been developed by sulfonating the
Diels-Alder poly(phenylene)(DAPP) backbone, controlling the
ratio of chlorosulfonic acid to the polymer repeat units.>’®

In the early 2000s, no alkaline-stable AEMs had been
reported; the primary degradation mode was believed to be
hydroxide nucleophilic attack of the cationic ammonium group,
either by Hofmann elimination or direct displacement, as dis-
cussed in Section 2.3.”77?”° Hibbs et al. developed the first
example of an AEM with the DAPP backbone by polymerizing a
methylated bis(tetracyclone) (tetramethylbis(cyclopentadienone),
TMBTC) with DEB (Scheme 19).>*° The pendent methyl groups
were brominated via radical bromination, and then the bromo
functional groups were nucleophilically replaced by trimethylam-
monium via the Menshutkin reaction using trimethylamine,
forming benzyltrimethyl ammonium-substituted DAPP (TMA-
MDAPP). This conversion was carried out heterogeneously by
immersing cast films of bromomethylated DAPP in concentrated
aqueous trimethylamine at room temperature for 48 hours.
However, the values of theoretical IEC, calculated by "H NMR of
bromomethyl groups, and the experimental IEC via titration were
disproportionate, with the titrated values being 25-45% lower
than theoretical ones. The lower-than-expected titrated IEC was
attributed to incomplete nucleophilic substitution due to the slow
heterogeneous reaction between the bromomethyl groups and

NMP, 140 °C 1h
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Scheme 17 First instance of AB polymerization to synthesize poly(aryleneimidazolium) (AB-PAIl), demonstrating molecular weight control and end

group functionalization.
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Scheme 18 Two possible regioisomers of the [4+2] Diels—Alder polycondensation of bis(tetracyclone) and p-diethynylbenzene.
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Scheme 19 Synthesis scheme of DAPP AEM functionalized with BTMA
groups.

trimethylamine, with the remaining bromomethyl groups con-
verting to hydroxymethyl groups over time and exposure to humid
environments. The highest IEC reported for TMA-MDAPP was
1.57 mequiv. g~ * (films with a higher targeted IEC dissolved in the
trimethylamine bath), exhibiting a water uptake of 120% and
hydroxide conductivity of 50 mS em ' at room temperature,
comparable to the highest values reported for AEMs at that time.
Hibbs compared the durability of PES-based AEM and TMA-
MDAPP in 4 M NaOH at 60 °C for 30 days, reporting that the
IEC and mechanical properties of TMA-MDAPP did not change
over the course, whereas the PES AEM became extremely brittle.

The BTMA group is unstable above 60 °C under alkaline
conditions, leading to efforts to improve the stability of organic
cations by examining resonance stabilized guanidinium®** and
imidazolium®® or sterically bulky phosphonium cation.”®®
However, a novel approach was demonstrated in the mid-
1990s by Tomoi, where increasing the separation between the

5728 | Chem. Soc. Rev., 2024, 53, 5704-5780

aromatic backbone and ammonium group by methylene
spacers (more than 3 carbons) led to improved alkaline
stability.?®* Building on this, Hibbs sought to combine the
alkaline-stable DAPP backbone with this long-chain spacer
approach to further optimize alkaline stability.”®® The first step
began with the Friedel-Crafts acylation of DAPP with bromo-
hexanoyl chloride, to form DAPP with attached 6-bromo-1-
phenylhexan-1-one. Since the attached ketone could react with
hydroxide either by enolate formation (due to the acidic a-
proton of ketones) or by direct nucleophilic attack of the ketone
to form a geminal diol, it was reduced to a methylene group.
The resultant bromohexyl functionalized DAPP was cast as
films and immersed in aqueous trimethylamine to form tri-
methylammonium hexyl DAPP (TMAH-DAPP, Scheme 20). As
observed with TMA-MDAPP, the measured IEC of TMAH-DAPP
was slightly lower than theoretical values, likely due to the
incomplete heterogeneous conversion of the hexylbromo
groups. The stability of TMAH-DAPP was monitored by immer-
sing the films in 4 M KOH at 90 °C for two weeks. Periodically,
the film was removed from the bath, and chloride ions were
exchanged to measure chloride conductivity and then re-
immersed in the alkali solution. After one week, the chloride
conductivity of TMAH-DAPP reduced by 5%, but did not change
during the second week, suggesting that the change in con-
ductivity was due to the reorganization of the hydrophilic/
hydrophobic domains, rather than to cation group degradation.
This conclusion was further supported since the IEC of TMAH-
DAPP remained unchanged throughout the experiment.*®
The functionalization of DAPP has focused on inducing the
formation of hydrophilic ionic channels through the aggrega-
tion of neighbouring ionic functional groups attached to the
pendent aryl rings. A novel approach in ionomeric DAPP
materials involves controlling the position of the ionic groups
on the DAPP backbone. This is achieved by attaching a strong
electron-withdrawing moiety, such as pentafluorobenzoyl, to
the backbone to inhibit electrophilic aromatic substitution
reaction (i.e., sulfonation) on the pendent aryl rings."*” Incor-
porating fluorine into the backbone serves as an internal
reference, helping to determine the degree of functionalization
with pentafluorobenzoyl groups using '°F NMR spectroscopy.

This journal is © The Royal Society of Chemistry 2024
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Scheme 20 Synthesis of TMAH-DAPP AEMs.

The polymer was functionalized to attach up to six pentafluoro-
benzoyl groups, followed by sulfonation on the backbone to
induce ionic aggregation.

Compared to other quaternized polyaromatic polymers,
quaternized DAPPs exhibit higher gas permeability is desirable
for ionomeric binders, but it is less advantageous for AEM
applications, as increased gas crossover can lead to higher
overpotential in the device. Additionally, the bulky structure
of these polymers hinders chain entanglement, resulting in
poor mechanical properties at a given molecular weight. How-
ever, quaternized DAPPs also offer distinctive advantages,
including all-phenylene and non-ionic backbones, good proces-
sibility, chemical robustness, and a wide range of IECs.

4. Chemistry of vinyl polymers

Vinyl polymers have a long history as commodity polymers,
displaying excellent chemical stability stemming from their
fully saturated backbone. This section explores various syn-
thetic strategies for preparing polyolefin-based AEPs.

4.1. Addition polymerization

Addition polymers, broadly speaking, encompass polymers
obtained through a chain-growth mechanism, forming a

(@) addition

polymerization
A7 o
7

[Ti], [Zr], [Ca], g
[Cr], [Ni], [Pd]

R

(1) film casting
- 7

(2) TMA,q

structure where the repeat unit contains the same atoms as
the monomer. The range of vinyl monomers that can be
polymerized via vinyl-addition polymerization is exclusively
limited. Many cyclic olefins necessitate highly reactive catalysts,
often accompanied by co-catalysts and activators for polymer-
ization. Moreover, these catalysts often have poor functional
group tolerance.”®” Only a select number of cyclic olefins, such
as norbornene and cyclopentene, have been identified as
monomers capable of forming functional polymers. In the
context of AEP synthesis, addition polymerization has primarily
been reported for the synthesis of quaternized polynorbornene.

Norbornene, a reactive bicyclic olefin with high ring strain,
has the capability to polymerize through three independent
pathways, resulting in different norbornene-based polymers:
ring-opening metathesis polymerization (ROMP), isomerization
polymerization, and addition polymerization.***2°* ROMP, the
most well-known method for polymerizing norbornene, will be
discussed in detail in Section 4.2. Isomerization polymerization
of norbornene can be catalysed by radical, cationic, and anionic
initiators,”®" but it has been scantily studied due to the low
molecular weight and poorly defined structures of the resulting
polymers. Vinyl-addition or addition polymerization of norbor-
nene (Scheme 21), first reported in the 1960s,>”> produces
polymer backbones with a bicyclic structure by only opening

on
b L4~ 2 L, L4~
(b) ) 1,M/) m Lon M
L1\M/L2 LN % 2 % L L

Scheme 21
polymerization using a metal catalyst.

This journal is © The Royal Society of Chemistry 2024

M(0) + L{H

(a) Vinyl-addition polymerization of functional norbornene using transition metal catalysts and (b) suggested mechanism of norbornene
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the double bond of the vinyl group, which is distinct from
polyolefins generated from ROMP. Although the polymeriza-
tion reactivity is lower than that of ROMP,*** addition poly-
merization can grow norbornene into high molecular weight
polymers, featuring rigid and fully saturated backbones. Cata-
lysed by late transition metal catalysts including Ti, Zr, Co, Cr,
Ni, and Pd,*** the polymers composed of polyolefin backbones
are known for their chemical inertness, good mechanical
strength, and high thermal stability, including an extremely
high T, (norbornene homopolymer is >300 °C).

The known disadvantages of polynorbornenes are their high
melting points, poor solubility in organic solvents, and poor
adhesion. To increase thermal processability, norbornene is
often copolymerized with other alkene monomers, e.g., ethene
or propene. Its adhesion properties can be enhanced by polar
group substitution, such as with triethoxylsilane,**> making it
suitable for use in discs, films, fibres, binders, packaging, and
optical applications.>®

Scheme 21b illustrates the suggested mechanism for the
addition polymerization of norbornene.**”*°® The norbornene
monomers initially coordinate with the metal catalyst, repla-
cing weakly coordinating labile ligands (L, L,), forming a
complex. Subsequently, norbornene insertion occurs for chain
initiation. Chain propagation then proceeds to increase the
molecular weight of the polymer, and the polymerization
terminates via the reductive elimination of the catalyst. Cata-
lysts based on nickel and palladium exhibit the highest reac-
tivity towards addition polymerization and the highest
tolerance to substituted norbornene monomers, making them
the most employed catalysts.>592°

The post-polymerization modification of substituted alkyl
halides with tertiary amines via the Menshutkin reaction is
currently the most applied method to introduce anion
exchange groups to the polynorbornene prepared by addition
polymerization. Alkyl halide (either Cl or Br)-substituted nor-
bornenes can be synthesized by Diels-Alder cycloaddition
reactions of cyclopentadiene and terminal 1-haloalkenes as a
mixture of endo (major) and exo (minor) isomers in a ratio of
endo:exo = 85:15 (Scheme 22).>°° A variety of catalysts (e.g.,
bis(B-ketonaphthylamino) Ni/B(C4¢Fs)s,>*°  (n’-allyl)Pd(PPh;)Cl/
Li[FABA],**" Pd(t-BuzP)MeCl,** and trans|Ni(C¢Fs),(SbPhs),]**)
have been successfully used to polymerize alkyl halide-
substituted norbornene, producing copolymers in combination
with other norbornene monomers, which were converted into
anion exchange groups. Very recently, a direct coordination—-
insertion polymerization of cationic norbornene monomers has
been reported, using the Pd(t-BuzP)MeCl catalyst.>**

Addition polymerization was initially employed in the
synthesis of AEPs in 2015 when He and co-workers reported
quaternary ammonium-containing addition-type norbornene
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Scheme 22 Substituted norbornene monomer synthesis.
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copolymers for direct methanol fuel cells (Fig. 16a).
norbornene monomers, alkyl- and bromoalkyl-substituted 5-
norbornene-2-methanol was used for copolymerization with a
Ni catalyst. The polymers underwent functionalization via
chloromethylation using chloromethyl methyl ether and were
quaternized using tertiary amines of varying chain lengths. The
resulting AEM demonstrated an IEC of 1.8 mequiv. g~ ' and low
dimensional swelling of 0.9-3.3%, but the anion conductivity at
80 °C was only 4.1 mS cm ™.

Kohl et al. synthesized tetrablock copolymers of polynorbor-
nene through the sequential addition of butylnorbornene and
bromopropylnorbornene utilizing a palladium catalyst with an
activator (Fig. 16b).*°* The bromopropyl-containing tetrablock
copolymer was cast as a film and quaternized by immersion in
an aqueous trimethylamine solution. The M,, of the polymers
was from 38 to 115 kg mol !, as determined by GPC. The
molecular weight growth of each block was also monitored to
confirm the sequential growth of block copolymers. The AEMs
showed phase-separated morphology confirmed by SAXS and
TEM, attributed to the hydrophobic-hydrophilic block struc-
ture. The AEMs with the IEC value of 1.9 mequiv. ¢! and the
highest molecular weight (M, = 115 kg mol ') showed the
highest hydroxide conductivity of 122.7 mS cm™ ' at 80 °C,
higher than that of the AEM with higher IEC (2.6 mequiv. g,
Ggoec = 80 mS em !, My, = 45 kg mol "), likely due to the higher
molecular weight causing lower water uptake and better chain
entanglement for higher hydroxide mobility.>°* The polynor-
bornene AEMs exhibited high alkaline stability, showing mini-
mal sign of a change of ionic conductivity (less than 1%)
observed over 1400 hours after immersion in 1 M NaOH at
80 °C, demonstrating the high potential of this polyolefinic
AEMs for alkaline electrochemical devices.

Qc12P(BN/PhBN)-77

~ +
_N
|
() . b (d)
n 1-n
+N— + N —
o QP-HN:
. - X
statistical (random) multiblock
copolymers copolymers

Fig. 16 Selected examples of polynorbornene AEPs using addition poly-
merization: (a) quaternary ammonium-functionalized polynorbornene
reported in 2015, (b) tetrablock copolymers of polynorbornene, (c) statis-
tical copolymers synthesized by one-pot addition polymerization and
multiblock copolymers made via sequential addition, and (d) solvent-
processable random copolymers of polynorbornene.
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As demonstrated, based on how monomers are introduced
to the polymerization reaction, either one-pot or sequentially,
addition-polymerized polynorbornene can form either random
(statistical) or multiblock copolymers (Fig. 16¢). In addition to
the tetrablock copolymers, in a follow-up study Kohl et al.
prepared AEMs based on homopolymer and random copoly-
mers of polynorbornene with similar IECs (3.5-4.5 mequiv. g~ ')
and compared their hydroxide conductivity, water uptake,
dimensional swelling, and membrane morphology from poly-
mer nanostructures. While only the block copolymer exhibited
well-defined microphase-segregated morphology, its hydroxide
conductivity (201 mS cm™" at 80 °C) was comparable to that of
the random copolymer (194 mS cm ™" at 80 °C), as well as other
membrane properties (WU 119% vs. 114%, dimensional swel-
ling 32% vs. 31% at room temperature, respectively). Usually,
higher IEC membranes have increased concentration of
unbound water, enabling more favourable proton conduction
while lower IEC membranes only contain primarily bound
water. However, this study indicates that AEMs with very high
IECs and an excess volume of unbound water lead to flooding
of the ionic channels, and the phase-separated morphology
does not play a significant role in improving membrane proper-
ties. All AEMs showed less than 1.4% loss of ion conductivity
after immersion in 1 M NaOH at 80 °C for 1000 hours.

Noonan and co-workers conducted a similar study, system-
atically comparing a statistical copolymer and a series of multi-
block copolymers of addition-polymerized polynorbornene to
investigate the impact of polymer composition on hydroxide
transport in AEM.*> Two monomers, hexyl-substituted norbor-
nene, and bromobutyl-substituted norbornene were copolymer-
ized via addition polymerization using a palladium catalyst to
form two different polynorbornene architectures. Four block
copolymers were prepared, from diblock to pentablock, with
the targeted molecular weight (M, = 80-130 kg mol ") and the
IEC value (1.7 mequiv. g ). All block copolymers showed
higher hydroxide conductivity and water uptake than those of
random copolymers owing to their phase-separated microstruc-
ture and more interconnected networks for facile ion transport.
The tetrablock copolymer showed the highest conductivity of
105 mS cm ™' at 80 °C and a water uptake of 85%, while the
random copolymer showed 60 mS ecm™" at 80 °C with a water
uptake of 30%. The block copolymer and microstructure might
have shown a more accentuated impact on conductivity and
water uptake in this study’®® because the IEC values of the
AEMs were lower than those of the other study®®® (1.7 vs.
3.5 mequiv. g '). The location of the ionic block also affects
the water uptake; it was found to be more effective in control-
ling water uptake if the ionic block is located in the middle
block of multiblock copolymers.

Saito and co-workers investigated a series of random copo-
lymers of norbornene for AEMs (Fig. 16d).>** The composition
of different chain lengths of bromoalkyl and alkyl-containing
norbornene monomers, along with unsubstituted norbornene
used in polymerization was tailored to control the AEM proper-
ties. The molecular weight of the synthesized terpolymers was
remarkably high (M, > 160 kg mol™") owing to the highly

This journal is © The Royal Society of Chemistry 2024
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reactive Ni-based catalyst®>*® to ensure high mechanical stability
of the membranes. The AEM was made with trimethylammo-
nium propyl group and unsubstituted norbornene with an IEC
of 2.0 mequiv. g, showed a hydroxide conductivity of 109 mS
em™ ' and a water uptake of 71% at 80 °C. The membranes
showed no significant difference in their hydroxide conductiv-
ity and mechanical properties (tensile strength, elongation at
break) after immersion in 1 M NaOH at 80 °C for 1000 hours.

Functionalized polynorbornenes often exhibit poor solubi-
lity in organic solvents due to the saturated olefinic backbone
structure; therefore, quaternization of polynorbornene is
mostly done under heterogeneous conditions by immersing
the precast film in an aqueous amine solution to prepare AEMs.
The resulting quaternized polymers are typically insoluble in
any organic solvents, limiting their use as AEIs for electrodes to
only particulate dispersions.*®” In a follow-up study, Saito et al.
further tuned the ratio of the terpolymer with a hexyl-
substituted monomer and prepared quaternized polynorbor-
nene, which was solvent-processable in an alcohol-based dis-
persing agent. The polynorbornene ionomer used for AEMFC
and AEMWE demonstrated outstanding performance com-
pared to those cells using state-of-the-art phenyl-containing
AEIs, which can be ascribed to the phenyl-free backbone
structure of polynorbornene.

Various crosslinking strategies have been employed for the
addition of polynorbornene to avoid excessive water uptake and
membrane swelling and increase the mechanical properties of
polyolefin-based AEPs. Crosslinking of AEMs with high IEC
(>3.5 mequiv. g ) is necessary because excessive membrane
water uptake limits their physical stability. The tetrablock
copolymer (Fig. 16b) reacted with N,N,N’,N’-tetramethyl-1,6-
hexanediamine to form both quaternary ammonium functional
groups and crosslinks (Fig. 17a).>%® Different mole ratios of the
crosslinking agent (4-50 mol%) were investigated, and the AEM
with an IEC of 3.5 mequiv. g ' and a low degree of crosslinking
of 5% showed good control of water uptake with the highest
hydroxide conductivity of 198 mS cm ™" at 80 °C, which is higher
than non-crosslinked block copolymers. By incorporating poly-
tetrafluoroethylene (PTFE) reinforcement, the membrane
demonstrated one of the highest performance in AEMFCs
(3.4 W ecm 2 at 80 °C, 500 hours continuous operation).>*°

Crosslinking also helped to improve the adhesion properties
of quaternized polynorbornene when used as catalyst AEIs.
Polynorbornene was crosslinked by a triamine crosslinker to
react with an epoxy binder to induce adhesion between the
ionomer and catalyst particles (Fig. 17b).*'° The study reported
that the approach of crosslinking quaternary ammonium AEIs
helped to improve the durability of AEMWE operation by
improving catalyst adhesion on the electrode. You et al. demon-
strated the synthesis of crosslinked AEMs through copolymer-
ization of vinyl-substituted norbornene, which reacts with
dithiol reagents by UV-initiated thiol-ene click reaction
(Fig. 17¢).*'! After quaternization, a crosslinked AEM was
obtained, and the strategy helped to solve the trade-off
between high IEC/hydroxide conductivity and membrane
dimensional stability. Other crosslinking strategies include
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Fig. 17 Selected examples of crosslinked addition polynorbornene AEPs:
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(a) diamine-crosslinked tetrablock copolymers of polynorbornene,

(b) triamine-crosslinked polynorbornene ionomers with an epoxy group for enhanced adhesion, and (c) dithiol-crosslinked polynorbornene.
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siloxane) linkage,*"
and bisimidazole cationic

using  bis(quaternary
bis(siloxane imidazole) linkage,
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Norbornene-based polyolefins are promising materials for
AEPs, and their synthesis has been explored intensively in
recent years. With appropriate catalysts, selected norbornene
monomers with haloalkyl groups can be readily polymerized in
either random or block fashion. The synthesized cyclic olefinic
polymers have a fully saturated backbone, which is ideal for
achieving high alkaline stability and very low adsorption energy
on catalyst surface in electrochemical device applications,'”’
although its radical oxidative stability is still questionable.™*° In
addition, end groups present in these and many other poly-
olefin systems have not been examined in detail. These groups
will likely impact the alkaline and oxidative stability of the
system, especially for low molecular weight AEPs, and should
be identified where possible. Some challenges and needs that
have been addressed®® to make further progress in addition
polymerization chemistry for polynorbornene, which can also
be applied for AEP applications include: (a) development of
more tolerant and air-stable catalysts with enhanced activity,
(b) simplified synthesis of more reactive exo-norbornene mono-
mers than endo-isomers, and (c) improvement of both catalysts
and functionalized monomers for better-controlled microstruc-

tures, compositions, and molecular weight of resulting
polymers.
4.2. Ring-opening metathesis polymerization

Post-polymerization modification of pendent alkyl halides or
tertiary amines via the Menshutkin reaction or methylation,
respectively, is by far the most common strategy to obtain
quaternary ammonium groups to prepare AEPs.
monomers can also be prefunctionalized with cationic groups
and polymerized directly. Copolymerization of a cationic mono-
mer with a neutral monomer/crosslinker serves as a straightfor-
ward approach to balance conductivity, mechanical strength,
and water uptake. Direct polymerization of cationic monomers
is particularly valuable if the cationic moiety is difficult to
synthesize, or when synthetic methods to append the cation

However,
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to the polymer backbone may not be highly efficient.>"> One

benefit of this approach is that a cationic monomer can be
carefully prepared and purified for incorporation into an AEP.
The polymerization chemistry and cationic functional group
must be compatible, where enchainment of the monomer can
be accomplished in the presence of the functionality. Olefin
metathesis has emerged as a valuable tool for this process.”*®
Olefin metathesis refers to the redistribution or exchange of
C—C bonds and is a critically important reaction in the
construction of polymers, macrocycles, and a wide range of
complex organic substrates.*'®> The widely accepted mechanism
by which olefin metathesis occurs was described by Chauvin
and Hérrison in 1971 (Scheme 23a).>'® This involves a [2+2]
cycloaddition where a metal-carbene reacts with an alkene to
form a metallocyclobutane intermediate, followed by cycloeli-
mination to form either the original alkene or a new olefin.
Metathesis of strained cyclic olefins leads to polymeric materi-
als as shown in Scheme 23b, driven by the release of ring-strain,
which is termed ROMP.*'” Alternatively, dienes can be com-
bined with the loss of a small molecule (typically ethylene) for
the preparation of polyolefins (acyclic diene metathesis poly-
merization, ADMET).>'® The kinetic profile for these reactions
is different, as ROMP proceeds via a chain-growth mechanism,
and ADMET proceeds via a step-growth process. To date, AEMs
have been primarily synthesized using ROMP.
Heteroatom-free polyolefin backbones can be obtained
using olefin metathesis, and a wide range of catalysts can be
used to effect ROMP or ADMET, though molybdenum and
ruthenium catalysts are the most popular.®*’® Ruthenium cata-
lysts are most common in AEP synthesis,*'® as they are less

(@) Ri

R R
=" Y v 1
I~ — _
—
RS‘Z \R3 R Rs Rs Rs
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Scheme 23 (a) General olefin metathesis mechanism and (b) polymer-
ization chemistries possible using olefin metathesis.
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oxophilic than molybdenum catalysts, signifying that polymer-
izations can be carried out in the presence of a wide range of
functional groups such as alcohols, esters, amides, and
ketones, to name a few.>'®> Commercially available Ru-
complexes known as Grubbs catalysts (1st, 2nd, and 3rd gen-
eration) are typically used in the preparation of AEMs (abbre-
viated as Ru cat in Scheme 24).>'°~*' Living polymerization of
highly strained cycloolefins is possible with fast-initiating
catalysts,****** and a few examples of block copolymer AEMs
have been reported.®>*3>*

The typical monomers used in AEP synthesis are norbor-
nenes, cyclooctenes, and dicyclopentadiene (Scheme 24). Some
of the first polymers to be synthesized via olefin metathesis
were ring-opened polynorbornenes and polyalkenamers.?2°:32¢
Ring-opened polynorbornenes were commercialized in the
1970s under the trade name Norsorex, and polyoctenamers,
prepared from ROMP of cis-cyclooctene, are commercial pro-
ducts sold under the trade name Vestenamer.*"® Polydicyclo-
pentadiene, derived from polymerization of endo-
dicyclopentadiene, is a thermoset polymer, which has also
found use in a range of applications.>'®> The resultant poly-
olefins all have alkenes present in the repeat unit of the
polymer backbone, and the relative concentrations of cis and
trans content in the polymer backbone can be influenced by
the choice of polymerization catalyst. Generally, Ru
catalysts lead to mixtures of cis/trans content in the polymer
backbone. Stereospecific polymerizations of norbornene, endo-
dicyclopentadiene, and tetracyclododecene are possible,**”~>3
but Ru catalysts are typically non-stereospecific.®***** The
alkene units present in the polymer backbone are susceptible
to oxidation, so hydrogenation and crosslinking can be used to
prepare stable saturated hydrocarbons. Hydrogenation of ring-
opened polynorbornenes has been accomplished using tosyl
hydrazide (>95%) at 120 °C,*** and with 5 wt% reduced Pd on
CaCO; at 100 °C with 400-600 psi of H,. Hydrogenation of
polyalkenamers can also be accomplished with tosyl hydrazide
at high temperatures (often with tri-n-propylamine),**>*** or
with iridium catalysts and high pressures of H,.>*® Hydrogena-
tion of ring-opened polynorbornenes and polyoctenamers can
also result in semicrystalline polymers,***>***33*337 which is an
important consideration in the design of AEMs.

R
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X hydrogenation X
Statistical and block copolymers
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~— _k stat®
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hydrogenation
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Functional norbornene monomers are prepared from Diels-
Alder cycloaddition reactions and functional cyclooctene mono-
mers are typically prepared from 1,5-cyclooctadiene. Multistep
synthetic pathways are often needed to obtain cationic mono-
mers, which can be used directly in polymerization. Copoly-
merization of the cationic monomer with a neutral comonomer
is common, as shown in Scheme 24a and b, affording linear
polymers that can be soluble in organic solvents. Sometimes,
the combination of hydrophilic headgroups and hydrophobic
polyolefins can make solution processing difficult, particularly
after hydrogenation. Crosslinking is also commonly employed
with ROMP as this can help control swelling and water
uptake in these materials. This can be accomplished by copo-
lymerization of a cationic monomer with dicyclopentadiene
(Scheme 24a) or by synthesizing a difunctional cationic mono-
mer, as shown in Scheme 24c.

Historically, the first reports of ROMP-based AEMs appeared
in 2009-2010.%*%3%%33% Coates developed a straightforward
approach to a norbornene monomer bearing a trimethylam-
monium group.**® The B-position was blocked with a methyl
group to prevent Hofmann degradation in the polymer.>*® The
resultant monomer was copolymerized with dicyclopentadiene
toyield a crosslinked polymer film, XxPNB-NMe; (Fig. 18a). Upon
conversion to the hydroxide form, this material did not swell
appreciably in MeOH, and had a ¢,,:c = 18 mS ecm ™", which, at
the time, was one of the highest hydroxide conductivities for an
AEM.**8 Since then, the Coates group has primarily reported on
cyclooctene-based ROMP polymers (Fig. 18a),>**?**" where
the resultant cationic polyoctenamers were converted into
polyethylene-based AEMs using an Ir-catalysed hydrogenation.
The ratio of cationic monomer was optimized with cyclooctene
comonomer, and the final optimized PE-NMe; and recently
synthesized PE-pip have higher water uptake and significantly
higher hydroxide conductivities than the original crosslinked
XPNB-NMe; (PE-NMe; 0,,:c = 48 mS cm ™ * and WU = 132%, PE-
Pip 022°c = 41 mS em ™' and WU = 87%).>3¢3%°

Beyer and co-workers reported a hydrogenated polynorbor-
nene derivative where ether linkages were used to tether the
ammonium cation to the polymer backbone (hPN-NMe; in
Fig. 18a).*"> The goal was to partially mimic some of the
structural features of Nafion™ (semicrystalline backbone, ether
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Scheme 24 Synthetic approaches to ROMP-based AEMs: (a) general scheme for polymerization of norbornene monomers, (b) general scheme for
polymerization of cyclooctene monomers, and (c) crosslinking approach with difunctional monomers.
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Fig. 18 Selected examples of ammonium-based AEMs prepared using ROMP: (a) linear polymers and polymers crosslinked using dicyclopentadiene and

(b) crosslinked films via ammonium linkages.

linkages to the side chain) to see if the performance character-
istics could be replicated. Exceptional conductivities for these
materials were noted (optimized structure oggc =177 mS ecm ™"
with WUjggec = 82%), but the mechanical properties of the film
were a concern for long-term fuel cell operation.**>

Multiple reports on crosslinked AEMs derived from both
norbornenes and cyclooctenes have appeared.323:339:343:344
Coates reported on a crosslinked polyalkenamer comprised of
dicyclooctene tethered with two benzyl ammonium groups
(Fig. 18b).*** Copolymerization with cyclooctene (1.5 equiv.)
afforded the highly conductive xPO-Benz, which exhibited a
0220c = 68.7 mS cm ™!, outperforming PE-NMe;.>*®3%*? The high
conductivity was attributed to the high IEC, which was made
possible by crosslinking. Kohl et al. also recently reported on a
crosslinked polynorbornene material xhPNB-NMe;, which had
high ionic conductivity (Fig. 18b).>** In that work, block copo-
lymers of 5-bromopropylnorbornene and 5-propylnorbornene
were synthesized and hydrogenated using tosyl hydrazide.
Then, N,N,N’,N'-tetramethyl-1,6-hexanediamine was used to
crosslink the material via a reaction with two bromoalkyl
groups, and the remaining pendents were replaced with tri-
methylammonium groups.*”* The crosslink density was key in
these materials, and the authors noted that with 20 mol%
crosslinker, the highest hydroxide conductivity of 99 mS cm ™"
at 25 °C and 195 mS cm ™' at 80 °C (WU = 115%) was
obtained.**® No detectable degradation in conductivity was
noted in 1 M NaOH at 80 °C over 792 hours. Finally, although
the conductivity for this optimized material was high, the
AEMFC open-cell voltage was still somewhat low (0.70 V),
which was most likely due to the high gas crossover from the
high water uptake.’”® The peak power density (PPD) was
126 mW c¢m > for the optimized membrane, demonstrating
how conductivity and mechanical properties must be optimized

5734 | Chem. Soc. Rev,, 2024, 53, 5704-5780

for specific applications.®”® Beyond these reports,
pyrrolidinium-based crosslinked ROMP membranes have also
been described.******

Coates and co-workers reported on an imidazolium-fused
cyclooctene monomer in 2018, which was combined with the
Grubbs second-generation metathesis catalyst to produce cyclic
oligomers (cPO-imid in Fig. 19).**> The formation of macro-
cycles was attributed to the moderate ring strain of the fused
imidazolium monomer (—7.5 kcal mol '), which slows propa-
gation and thus renders secondary metathesis competitive, and
to the planar imidazolium creating “U-turns” in the propagat-
ing chain.**® To synthesize an AEM, a crosslinked imidazolium
polymer was prepared using a bifunctional imidazolium
crosslinker. Upon hydrogenation, this imidazolium-based
AEM had good alkaline stability and hydroxide conductivity
(022°c = 37 mS ecm™ ', WU = 94%).>*® In a follow-up study,
imidazolium-functionalized ¢rans-cyclooctene monomers were
synthesized.**® These have increased ring-strain relative to the
previous derivatives, and both statistical and block copolymer
PE-imidazolium could be synthesized (Fig. 19).>*® Much higher
conductivities were noted for the statistical copolymers, par-
tially attributed to the more disordered block copolymer micro-
phase segregation, which may impede ion mobility.**® A
crosslinked variant of the statistical copolymer was highly
conductive (015°c = 49 mS cm ™', WU = 115%).>*® Interestingly,
the authors noted that the crosslinked films showed no degra-
dation after 30 days in 1 M KOH at 80 °C, while the non-
crosslinked films became brittle after 7 days under identical
conditions.**® Several other reports on imidazolium-based
ROMP AEMs have appeared.>”**®

The exceptional stability of tetraaminophosphonium has led
to its exploration as cationic moieties in AEMs. The bulky
P(N(Cy)Me),4[Cl] was reported to be highly stable as a phase-

This journal is © The Royal Society of Chemistry 2024
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Fig. 19 Selected examples of imidazolium- and phosphonium-based
AEMs prepared using ROMP.

transfer catalyst under alkaline conditions (¢, = 67 hours at
100 °C in C¢H5Cl/50 wt% NaOH).>*° This cation was appended
to a cyclooctene monomer and polymerized. After hydrogena-
tion, the PE-CyMe copolymer was obtained (Fig. 19).°* The
hydroxide conductivity for PE-CyMe was 6,,-c = 22 mS cm "
with moderate WU (52%).°* PE-CyMe was exceptionally stable
to alkaline media, with hydroxide conductivity retained even
after 20 weeks in 15 M KOH at 22 °C.®* The fairly complicated
synthesis of PE-CyMe led to some more recent improvements in
monomer synthesis. Noonan and co-workers reported a simple
synthesis of tetraminophosphonium norbornenes in 2020.3**
Both block and statistical copolymers with norbornene as a
comonomer were synthesized (hPN-CyMe and hPN-iPrMe in
Fig. 19), but the diblock copolymers were brittle.*** Statistical
copolymers were much more effective AEMs, and hPN-CyMe
(Fig. 19) had a hydroxide conductivity of 19 mS cm " at 25 °C
with a water uptake of 82%.*>* The hPN-iPrMe had higher
hydroxide conductivity (27 mS cm ') at 25 °C and slightly lower
water uptake (~75%).>** This was partially attributed to the
increased IEC because of the more compact cation, but also to
the increased crystallinity of the polymer as hPN-CyMe was
completely amorphous, but hPN-iPrMe had some crystalline
domains as evidenced by AFM studies and differential scanning
calorimetry measurements. Going beyond 20 mol% of the
cationic monomer was challenging for these materials without
excessive swelling.®*>*

Noonan and co-workers followed up on the hPN copolymers
and demonstrated that copolymerization of a rigid norbornene
anthracene cycloadduct with tetraaminophosphonium norbor-
nenes was an effective approach to decrease segmental mobility
in polynorbornene-based AEMs.*** The PNBAn-iPrMe swelled
less (WU =49%) at 25 °C and had higher hydroxide conductivity
(30 mS em ™) than the counterpart without anthracene (hPN-
iPrMe).**° The authors also noted that the unsaturated PNBAn
derivatives (with double bonds) had higher conductivities than
the saturated ones, providing further support that decreasing

This journal is © The Royal Society of Chemistry 2024
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segmental mobility is beneficial in these phosphonium
copolymers.**® Stability studies in 10 M KOH also revealed
the need for the bulky isopropyl groups around the P center
for improved hydroxide stability.>*® Though mechanical
embrittlement of all the PNBAn copolymers was noted over
time, the study demonstrated how modification of the ring-
opened polynorbornene backbone can be used to enhance AEM
performance.®*°

Various cobaltocenium AEMs have been synthesized via
ROMP.*'*** These metallocene-based cations consist of a
Co(m) metal centre sandwiched between two cyclopentadienyl
ligands. These have been investigated as an alternative to the
commonly used ammonium headgroups in AEMs. Two reports
have appeared that highlight how to tailor the cyclopentadienyl
ligands with substituents to impart good alkaline stability to
cobaltoceniums.®****> yan and Coughlin demonstrated that
the permethylated cyclopentadienyl ligand (CsMes or Cp*) can
be used to make an ultra-stable Cp*,Co" cation®*® when com-
pared to the CsH; (Cp) parent derivative Cp,Co®. They con-
ducted a stability test at 140 °C in 1 M NaOD/D,O and
demonstrated that only 8.5% of Cp*,Co' had degraded after
1000 hours, whereas the parent Cp,Co" degraded completely in
1 week. Under the same conditions, the well-known benzyltri-
methyl ammonium had degraded by 18% in 24 hours.

Tang and co-workers also systematically explored the impact
of alkylation on cyclopentadienyl ligands for cobaltocenium
alkaline stability.>>® They found, as expected based on Yan and
Coughlin’s work, that increasing methylation offers marked
improvements in alkaline stability.>*>*>* They also noted that
either 1 or 2 ¢-butyl groups on the cyclopentadienyl ring can
lead to alkaline-stable cations. The authors carried out stability
tests in 5 M KOH/CD;OH, which is similar to reports from
Coates and co-workers who have developed a protocol to
examine cation headgroup stability and compare different
families of cations.’®*>® In Tang’s work, the studies were also
carried out under air rather than N,, which also impacts
cobaltocenium stability.>** The authors found that the octa-
methyl cobaltocenium only degraded by ~11% and ~19%
after 553 and 1025 hours, in 5 M KOH/CD;OH at 80 °C. They
also discovered that the tetra-tert-butyl cobaltocenium (1,3-
orientation of substituents on the Cp ring) only degraded
~ 8% after 1025 hours. Under the same conditions, the benzyl-
trimethyl ammonium was almost completely degraded in just
over 700 hours.

In early work, Tang and co-workers synthesized PE-Cp,Co
using ROMP, and that material had hydroxide conductivities
ranging from ~20-90 mS cm ' from 22-90 °C and water
uptake ranging from 35-160% between 20 and 80 °C
(Fig. 20).>" These AEMs could be crosslinked to mitigate
dimensional swelling in water.>*> As noted above, the parent
Cp,Co" has limited stability in alkaline media, and so the
authors followed up on that work with ROMP polymers bearing
more stable octamethyl cobaltocenium as a headgroup.®*® The
synthesized PE polymer exhibited good hydroxide conductivity
(33-87 mS ecm ™" from 22-80 °C). This polymer retained 91%
of its conductivity after immersion in 3 M KOH at 60 °C for
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Fig. 20 Selected examples of metal-based AEMs prepared using ROMP.

30 days and was evaluated in an AEMFC. A PPD of
350 mW cm™ > was noted with an OCV of almost 1.0 V. Another
ROMP-based AEM, PN-Cp,Co (Fig. 20), had a high chloride
conductivity of 50 mS cm ™' at 90 °C and only 13.2% water
uptake (95% RH) for an IEC of 1.5 mequiv. g ".*** The
cobaltocenium monomer was prepared in a unique manner,
from lithium halogen exchange on an exo-4-bromophenyl sub-
stituted norbornene. Although the hydroxide conductivity of
the polymer was not reported, this study highlighted the
potential of polynorbornene polymers for metal-based AEMs.

The first example of a transition metal cation implemented
in AEMs was a bis(terpyridine)Ru(u) functionalized polynorbor-
nene made in 2012 by Hickner and Tew.**” These cations were
directly polymerized via ROMP with dicyclopentadiene
as a crosslinking comonomer (xPN-Tpy,Ru in Fig. 20). The
optimized AEM had a 1:5 ratio of cationic monomer to
hydrophobic/crosslinking monomer, resulting in relatively
high water uptake (126%) and hydroxide conductivity of
28.6 mS cm ™" at 30 °C (IEC of 1.4 mequiv. g *).>*” The membrane
was stable in 1 M NaOH at room temperature for 6 months.>*” A
follow-up study by Hickner and Tew on the copolymerization of
this monomer included 1,5-cyclooctadiene and dicyclopentadiene
as comonomers in polymerization.*>®

A 2017 study by Kwasny and Tew explored how altering the
site of crosslinking in the polymer backbone impacted water
uptake.®*® Membranes were prepared from heteroleptic and
homoleptic Ru complexes, where polymerizable norbornene
units were either on one or both terpyridine ligands.**® Cross-
linker to non-crosslinker and ionic to non-ionic monomer were
held constant, and a substantially lower water uptake of 30-
35% was obtained by utilizing a homoleptic ruthenium cation
in comparison to the heteroleptic derivative (water uptake of
~230%).>*® The homoleptic complex also resulted in a
decrease in Cl~ conductivity.>*® The authors also examined
Ni- and Co-terpyridine complexes for AEMs as part of that
work.**® Tew et al. also synthesized bis(terpyridine)Ni(i) AEMs
through RAFT polymerization and crosslinking via thiol-ene
click reaction to create phase-separated morphology.**° To our
knowledge, the alkaline stability of these different terpyridine-
based metal complexes has not been compared to ammonium
headgroups.
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You and co-workers recently reported on a cryptand-based
AEM prepared using ROMP (Fig. 20).>*" The authors noted that
the cryptand is key to having a high binding constant for metal
cations in water and developed a synthetic method to append
this structure to a norbornene monomer and copolymerize it
with cyclooctene to afford PE-PNCryp.*®" Then, the choice of
metal salt for binding was examined, and the only one that
resulted in minimal leaching was Ba®". This was attributed to
the high binding constant of Ba>* with the cryptand compared
to Na* and K".***> The optimized PE-PNCrypBa®" had a hydro-
xide conductivity of 23 mS em ™" at 40 °C. A series of PECryp
Ba”* copolymers prepared by a different method was even more
conductive than the PE-PNCrypBa®>' copolymer. The corres-
ponding physical studies suggested that the ionic clustering
network in the PECryp above the T, is more robust. The
PECrypBa®" copolymers retained 70% of their chloride conduc-
tivity after immersion in 15 M KOH at 40 °C and 60 °C for
1600 hours. These are unprecedentedly harsh alkaline condi-
tions and highlight the potential of this framework for future
exploration. The authors noted that this membrane performed
well in AEMWE with 0.1 M KOH, similar to the commercially
available PiperION.

ROMP is a useful tool to make polyalkenamers, which can
subsequently be hydrogenated to form heteroatom-free poly-
mer backbones. A wide range of functionalities is tolerated in
ROMP, and strained cycloalkenes bearing cationic groups can
be directly polymerized, which is advantageous for the creation
of new materials. The synthesis of AEPs decorated with main
group and metal-based cations is a particularly important out-
come of using ROMP chemistry. The stability of metal cations
in AEPs under device operating conditions is a critical subject
of research for the practical use of these polymers, as this will
dictate their potential success in devices.

A direct benefit of the ROMP approach is the double bond
present along the polymer backbone, which can be used to
bring about crosslinking and facilitate the preparation of
polymers with high IECs. However, the Ru catalysts used for
ROMP are somewhat expensive, and a two-step process is
needed to achieve a fully saturated hydrocarbon backbone
(e.g., polymerization and hydrogenation), which adds an addi-
tional step to the overall process.

This journal is © The Royal Society of Chemistry 2024
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4.3. Radiation grafting method

Radiation-grafting is a useful method for the chemical mod-
ification of pre-formed, inert polymer substrates such as
films,*** powders,*** and fibres,*** to form useful functional
materials. Radiation-grafted (RG) polymers are being investi-
gated for use in a wide variety of applications across many
fields (e.g., clean energy, environmental remediation, health-
care) including electrolyte membranes for low- and high-
temperature polymer electrolyte fuel cells and membrane-
based water electrolysers,>*®7® CO, electrolysis to high-value
chemicals;*”* CO, adsorbents;*** ion exchange membranes and
separators for ED/RED,*”>" 374 RFBs,>¢737%376 actuators,®”” Li-
%78 and supercapacitors;*®” biofouling-resistant
membranes for microfiltration;*”® materials for the recovery,
extraction, and separation of inorganics including heavy metals
ions;*®**#! chromatography materials for protein purifica-
tion;*** biomaterials for tissue engineering and engineered
skin;*** and UV absorbers.?%*

Scheme 25 summarizes the key stages behind the most
commonly encountered pre-irradiation grafting (PIG)
method:**”*%%?7% (1) irradiation of inert polymer substrates to
“activate” them (functionalize with radicals or peroxide groups,
both of which can initiate copolymerisation); (2) monomer
grafting onto the substrates (after an N, purge to remove all
traces of O,); and (3) an optional post-graft functionalization
process.

The radiation is commonly a high dose-rate electron-(e™)-
beam (P radiation), a low dose-rate y-ray, or an ultraviolet (UV)
source. Radiation grafting of polymer substrates using lower
energy UV electromagnetic radiation typically leads to a bias
towards surface grafting, unless the films are thin enough to
allow for reasonable levels of grafting into the bulk.?”* The use
of high energy and high dose-rate radiation (e.g., e -beams)
leads to bulk grafting where there is a high concentration of
short-length (low molecular weight) grafted chains, while the
use of high energy lower dose-rate radiation (e.g., y-rays) also
leads to bulk grafting, but where there is a lower concentration
of longer-length grafted chains;''**® the latter scenario is less
desirable if chemical degradation is a concern (e.g., oxidative
cleavage of entire grafted chains, vide infra) as there is a greater
loss of functionality per cleaved chain.

With large polymer substrates, low dose-rate point sources
such as y-rays are also subject to inverse square law limitations
(radiation intensity is inversely proportional to the square of
the distance from the source), therefore requiring the periodic

ion batteries,
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suspension of the irradiation process so that they can be moved
around to ensure equal absorbed doses on all parts of the
sample. With high energy (1-10 MeV) commercial e-beam
facilities, more commonly known for sterilizing plastics and
medical equipment,*®® as well as for fabricating heat-shrink
polymers,*®” the e-beam source is often wider than the samples
being irradiated.

Homogeneous irradiation is more easily controlled by pas-
sing the substrates at a controlled speed through the e-beam,
with higher doses being enabled by multiple passes; this also
helps with minimising sample heating (due to the high energy
radiation), where the radicals/peroxide groups would be decom-
posed as they form. It has recently been found that irradiation
of polymer films whilst being kept cool (<—10 °C) led to a
higher degree of grafting (DoG (%) = % mass of grafted chains
normalized to the mass of substrate used) and membranes with
better properties;****% the radicals formed during radiation
are preserved more during the lower temperature irradiation.

With fluorinated (e.g., PTFE, FEP) or partially fluorinated
(e.g., ethylene-tetrafluoroethylene ETFE) substrates, low total
absorbed radiation doses need to be used (typically <50 kGy)
as high energy radiation can cleave the backbone C-C bonds,
leading to mechanically weak functionalized membranes. Non-
fluorinated substrates (e.g., polyethylene) can tolerate
higher total absorbed doses (>100 kGy), but such high total
doses can lead to radiation crosslinking (this can be desirable
and undesirable depending on the required final membrane
properties).*®%3%°

If the irradiation step is conducted with the substrate
exposed to air (rather than vacuum or inert atmospheres), then
it is known as the peroxidation-PIG method.**”*%*37° This
typically requires a higher total radiation dose for a target
DoG, compared to when irradiation of polymer substrates was
conducted in inert atmospheres.**>**" Therefore, this can place
a limit on practical grafting levels when functionalising poly-
mer substrates containing C-F bonds (see discussion vide supra
on upper limits of radiation doses that can be used).>*?
Peroxidation-PIG also leads to the formation of peroxide groups
on the chains of irradiated polymer substrates, which can lead
to the formation of ether (C-O-C) links between the polymer
chains on the substrate and the grafted polymer chains (not
shown in Scheme 25 to aid clarity).>’”® A major practical
advantage of using the peroxidation-PIG method is that an
onsite radiation source is not needed. The offsite irradiated and
peroxidated polymer substrates can be transported back to a

Polymer e--beam or y-ray \\ vinyl
Substrate [air (O present) monomer
I:l or inert atmosphere]
Irradiation I:I Grafting Post- graft
stage stage functionalisation
(if required)
—% = Or
—OOH

Scheme 25 The key stages behind the pre-irradiation PIG. It is known as the peroxidation-PIG method if the polymer substrate is irradiated in air (which
can result in an ether links between the substrate and grafted chains [not shownl]). If the polymer substrate is submerged in the grafting mixture

containing the monomer before irradiation treatment, this is the MIG.

This journal is © The Royal Society of Chemistry 2024

Chem. Soc. Rev., 2024, 53, 5704-5780 | 5737


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cs00186e

Open Access Article. Published on 26 April 2024. Downloaded on 3/7/2026 5:33:40 AM.

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

(cc)

Chem Soc Rev

laboratory in dry ice and stored in low-temperature freezers
(< —40 °C) for 6-12 months (storage time achievable depends
on the polymer substrate used).*>* Such peroxidation-PIG graft-
ing processes often use commercial e-beam facilities, as large
volumes of substrate can be treated in a single beaming
session.

If inert atmosphere PIG is used, then fewer main chain bond
scissions occur (¢f. peroxidation-PIG), especially as lower radia-
tion doses can be used, while more radiation crosslinking can
also occur (¢f. same radiation dose peroxidation-PIG);**® graft-
ing times can also be quicker. This can lead to RG-AEMs
(Scheme 26) with enhanced mechanochemical stabilities.
When the polymer substrates are grafted immediately after
irradiation, the radicals on the polymer chains of the substrate
can directly co-graft without the formation of ether links.
However, if the inert atmosphere-irradiated polymer substrates
are cold stored in the air, peroxide groups will eventually form
(as with the peroxidation-PIG).>*° An alternative to PIG is the
mutual-(simultaneous)-grafting method (MIG), where the poly-
mer substrate is submerged in the grafting mixture to combine
the irradiation and grafting stages into a single step.>¢”2%%37°
However, this requires a radiation facility on site and typically
uses a low dose-rate y-ray source (with radiation security issues
to attend to); commercial e-beam facilities are often reluctant to
irradiate containers containing toxic and flammable mono-
mers. A major downside to MIG is that there can be a high
level of homopolymerisation occurring; this is where the mono-
mer polymerizes without the chains being covalently grafted
onto the substrate. This can lead to a large amount of effort to
remove the grafted substrates from the homopolymer (it has
been known for the substrate to be encased in a block of
homopolymer), as well as leading to materials with lower
degrees of grafting. Despite this, MIG can be useful for small-
scale trials of new RG-material chemistries, and it tends to lead
to reduced levels of radiation crosslinking.***

With the radiation-grafting of dense substrates, such as
ETFE films, the grafting front mechanism can operate.**>%
This is where the monomer initially co-polymerizes onto the
surface of the film (after low grafting durations), after which the
monomer can penetrate further and further into the core of the
film (after longer grafting durations), until homogeneous graft-
ing levels are achieved throughout the bulk of the newly formed
membrane. If such a mechanism is operating, then this can
place an upper limit to the thickness of the films (or diameters
of powders/fibres) that can be homogeneously grafted through

LDPE/HDPE
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the bulk; a good rule of thumb range is 100-200 pm maximum
film thicknesses, depending on the substrate and grafting
conditions. With less dense films, such as low-density poly-
ethylene (LDPE), where the monomer can diffuse more quickly
into the core of the film, then the grafting does not always
follow such a front mechanism.**> Note that for RG-AEMs,
PVDF is not a suitable substrate as it is unstable in alkali
conditions (see Section 2.3).>°® There is also some interest in
making RG-AEMs from non-fluorinated non-polyethylene sub-
strates such as cellulose acetate, and Nylon-6,6 nanofibrous
sheets.>**3%7

The crystallinity of the substrate can also influence the
final properties of RG-PEMs and RG-AEMs, as their final
nano-morphologies can be complex.**®°* The radicals formed
on irradiation tend to be more stable in the crystalline
domains, but they can migrate to the interphase and amor-
phous domains,*****° where they will react with any oxygen
species, and grafting will predominantly propagate into the
amorphous domains.*®® For example, Sproll et al. reported that
ETFE with a smaller number of larger crystallites produced an
RG-PEM with better conductivity performance in a fuel cell;***
this is partly due to better connected amorphous domains.

The most common monomer used to fabricate RG-AEMs is
vinylbenzyl chloride (Scheme 26)'114,371—373,388,389,391,392,394,395,405—410
On amination/quaternization, cationic groups are introduced,
resulting in an anion-conducting material, and the most com-
monly encountered amine is trimethylamine (TMA), which
yields benzyltrimethylammonium headgroups. This class of
RG-AEM has ease of handling, high hydroxide conductivities,
and rapid water diffusion dynamics.*'*™*'* Disadvantages
include high levels of swelling in water without additional
crosslinking,®”? especially laterally (area swelling as opposed
to thickness swelling), which will be a particular problem for
their use in devices such as AEMFC that can experience
humidity cycles. Without mitigations, this will also mean that
pre-swelling of the RG-AEM may be needed if they are to be
used in large-area AEMWE cells.***

A diversity of quaternization agents for VBC-based RG-
substrates has been investigated including aliphatic heterocyc-
lic types like N-methylpiperidine (MPIP) and quinuclidine
(QUN), 2-butyl-1,1,3,3-tetramethyl-butylguanidine (TMBG), as
well as aromatic types such as 1,2-dimethylimidazole (DMI)
and pyridine (PYR) (Scheme 27).'">*'>™*!7 Alternative quaterni-
zation agents include 1,2,4,5-tetramethylimidazole (TMI, the
cation found in Sustainion® AEMs), N-methylpyrrolidine

H H Post-graft
[ Irradiation Grafting amination
+c—Ci
H H VBC | \\ ” ™A | \\ ”
A N
I‘-I |_‘| ;lz ;I: I/ Z N 7/ Classic
4—(‘:—(‘37?75:7& ClH,C” ClH,C e RG-AEM
HAEE ETFE ROy (VB AN
-g-pol ~
ETFE g-poly(VBC) 7\

Scheme 26 The PIG of vinylbenzyl chloride (VBC) onto ETFE and polyethylene (PE, either low- or high-density) film substrates with subsequent post-
grafting amination with trimethylamine to form a classical benzyltrimethylammonium radiation-grafted anion-exchange membrane (TMA-RG-AEM).
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Scheme 27 Different N-containing reagents that can be used for post-
graft quaternization of VBC-based RG-substrates.

(MPY), N-methylmorpholine (MMPH), 1,4-dimethylpiper-
azine (DMPZ), and DABCO, the latter two have the potential
to form crosslinks as they contain two tertiary amine
groups.'t>#1%:418:419 RG.AEMs made with isoindolinium head-
groups have also been fabricated,**° as have those with more
complex imidazolium and pyridinium groups.’”” As well as
affecting the conductivity and alkali stability of the RG-AEMs
(vide infra), the choice of cations can affect their water uptakes:
e.g., the water uptakes of TMA types are generally less than
MPIP analogues.’”>*' Crosslinking can be used to reduce the
excessive levels of swelling on hydration, but this can have a
negative impact on other properties such as conductivity.>”**!

Despite the possibility of hydroxide-derived nucleophilic
substitution and elimination degradation pathways (Sx2, E2,
and Hofmann eliminations), VBC-grafted TMA- and MPIP-RG-
AEMs are generally stable in hydroxide forms at 60 °C
(at medium to high RH) and at higher temperatures when well
hydrated.****** An LDPE-TMA-RG-AEM has even been shown to
maintain a hydroxide conductivity of ca. 300 mS ecm™"' over
several hours at 110 °C when hydrated under pressurized
conditions.*** An ETFE-TMA-RG-AEM made using 3-VBC (meta
isomer, synthesised in-house due to commercial unavailability)
appeared to be more alkali stable compared to a benchmark
made with commercially available 4-VBC (para isomer), but the
3-VBC monomer did not graft very well, leading to a low IEC

This journal is © The Royal Society of Chemistry 2024
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RG-AEM.**” Similarly, the grafting of a monomer containing a
butyl-spacer between the vinylbenzene group and the chloride
leaving group led to a more alkali stable ETFE-MPY-RG-AEM (cf.
a VBC-grafted MPY-benchmark), but again this had a low IEC
due to poor monomer grafting characteristics.**®

Benzyl-DMI and -PYR cations have poorer stabilities in alkali
and will not be suitable for application in AEMWEs.**”**% A
benzyltriethylammonium (TEA) RG-AEM was also less stable in
alkali than the TMA benchmark, especially at lower hydration
levels, due to elimination reactions on the ethyl groups.**®
Obviously, the RG-AEM contains benzene-rings and thus has
the potential to be oxidized when in contact with OER anodes
of AEMWEs (as mentioned in Section 2.5, leading to the
formation of weakly acidic phenolic groups resulting in
chemical instabilities and poor in situ performances).**°

With RG-PEMs made from styrene, the reactive C-H bonds
in the grafted hydrocarbon chains that are in the alpha
position to the benzene rings are highly susceptible to radical
attack, which leads to the cleavage of entire grafted chains;
this is one of the reasons RG-PEMs made via co-grafting of
a-methylstyrene (AMS) and methylacrylonitrile (MAN) are a
preferred formulation (MAN is needed to boost the grafting of
AMS and also to lower gas crossover reactions, while AMS
contains a-C-CH; groups and not labile a-C-H groups).?”%*3*
Due to the historic low stability of AEMs to alkali, with
degradations over 10 s to 100 s of hours, radical/oxidative
degradation (ROD) pathways have been generally neglected.
However, with the recent development of alkali-stable AEMs, a
debate has raged on the significance of RODs."'° A recent study
has also proven that significant concentrations of radicals
can be observed in AEMFCs.**? Espiritu et al. have reported
that grafted poly(vinylbenzyltrimethylammonium hydroxide)
cations degrade more (loss of IEC) in O, purged D,O than they
do in N, purged D,0;'" degradations included the loss of
complete benzyltrimethylammonium groups (not just the loss
of trimethylamine). A LDPE-TMA-RG-AEM also showed a higher
degradation of conductivity in O, gas compared to N, gas.***

Espiritu et al. conducted a detailed degradation study on
LDPE- and HDPE-based TMA-RG-AEMs (MIG with low dose-rate
y-ray) and an ETFE-TMA-RG-AEM (peroxidation-PIG with an e”-
beam), where the hydroxide forms were submerged in (CO,-
free) air-saturated deionised water.'** This study, which also
involved O solid-state NMR, confirms that loss of entire
grafted chains can occur via ROD, where higher dose-rates lead
to a lower rate of IEC loss (due to there being more grafted
chains of shorter length). These ROD reactions were the main
contributor to IEC loss at lower pHs, over E2 and Sy2 attack on
the headgroups. An LDPE-DABCO-RG-AEM was also evaluated,
which was observed to have slightly less stability.

Other classes of RG-AEM have been reported that do not
involve the radiation-grafting of VBC monomer. Several papers
from the Takasaki Advanced Radiation Research Institute have
documented work on RG-AEMs made using vinylimidazole
monomers (vinyl group attached to one of the N-atoms in the
imidazole ring), followed by a methyl iodide quaternization
reaction to yield the imidazolium headgroups.®*°"3* As
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1-vinylimidazole and 1-methyl-2-vinylimidazole graft poorly on
their own, a co-monomer boosting strategy was employed; this
involves adding a co-monomer that easily grafts, such as
styrene or MAN, to the grafting mixture to enhance the grafting
levels of the poorer grafting primary monomer.>”%****3> There
are concerns with the alkali stability of such pendent imidazo-
lium groups, as they can undergo OH -derived ring-opening
reactions, especially if there is a C-H group in the C2
position.*?”

Further alternative RG-AEM chemistries involve imidazo-
lium head groups where they are not linked to the grafted
chains via an imidazolium N atom.***> An anilinium-type RG-
AEM has also been fabricated using N,N-dimethylamino-
styrene, with subsequent methylation with methyl iodide, to
yield trimethylammonium groups that are directly bound to
benzene rings on the grafted chains (and not connected to the
benzene rings via methylene CH, groups);**® however, the
resulting RG-AEMs had very poor alkali stability. Finally, RG-
AEMs made using the grafting of vinylpyridines, with subse-
quent methylation, have also been produced.’”” Given that
such unprotected pyridinium groups have low stability in
alkali, these were being prepared for use in ionic polymer—
metal composite actuators.

Despite only a small number of evaluations of RG-AEMs in
AEMWES (see Section 6.2), they have been studied much more
for use in AEMFCs with precious-metal-free electrodes.**” **!
They show a lot of promise as the complex nano-morphologies
of RG-AEMs provide a good range of mechanical properties and
gas permeability, along with high conductivities and facile
water transport behaviours, leading to high performances in
devices.**® The RG method also allows for the introduction of
multiple different functional group chemistries in controlled
ratios,*”**35*34442 which yields the ability to fabricate highly
functional, tailored polymer materials. However, RG-AEMSs can
suffer from excess swelling, especially at high IECs, and due to
the underlying radical polymerization mechanism, not all
monomers are amenable for grafting (most reports have
focused on monomers with styrene groups or carbonyl-
containing groups such as with acrylates and arylamides, where
the latter may not be useful for application in high pH
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environments). The RG method also requires access to high-
energy radiation facilities and may only be amenable to batch
processes on scale-up, rather than use with continuous pro-
cesses such as roll-to-roll. For improvements and tailoring
of RG-AEMs for specific use in AEMWESs, the following
adaptations should be researched: (1) covalent and ionic cross-
linking to reduce swelling in water to yield more dimensional
stability;*”**4*44 (2) incorporation of co-monomers to improve
stability towards ROD including introducing antioxidants**>**®
or MAN (the latter to reduce gas crossover);**® (3) incorporation
of co-monomers such as styrene to modify nanomorphologies
to alter conduction and water transport properties as well as to
tailor mechanical properties;**” (4) incorporation of aliphatic
sidechains (non-aromatic) on the grafted component.

4.4. Anionic polymerization

Styrene-diene block copolymers are an important class of
thermoplastic elastomers. Using two industrially important
chemicals as raw materials, the sequential living anionic poly-
merization of styrene and 1,3-butadiene (or other dienes such
as isoprene) is known to construct a diverse range of diblock
and triblock copolymers.****** The covalent bond connection
between incompatible polystyrene and polydiene generates a
wide array of microdomain morphology, as shown in
Scheme 28. Polystyrene chains function as a hard block,
providing mechanical strength and physically crosslinked
domains, while polydiene chains serve as a soft matrix, provid-
ing elasticity to the material at ambient temperature. Among
block copolymers, poly(styrene-b-butadiene-b-styrene) and its
hydrogenated form poly(styrene-b-(ethylene-co-butylene)-b-
styrene) (SEBS) (SBS of Scheme 28 and SEBS of Scheme 29,
respectively) are commercially available and have been exten-
sively studied for polymer microstructure-mechanical property
relationship investigation for decades.****°

In SEBS, the midblock poly(ethylene-co-butylene) is
composed of inert saturated C-C and C-H bonds. Thus, a
selective functionalization of aromatic rings of polystyrene
chain with ionic group could create ionic block copolymers
using the commercial polymer as a starting material platform.
For example, sulfonation of the polystyrene block of SEBS

polystyrene(S)-polybutadiene(B) block copolymers

sec-butyllithium /
or anion initiator

3

SB diblock

SBS triblock

S ( G 1 G’ ( S
f )

Scheme 28 Synthesis of styrene-diene block copolymers and microdomain morphology based on the composition of each polymer; spherical (S),
cylindrical (C), gyroid (G), and lamella (L), and volume fraction of A polymer (fa) in AB diblock copolymers. Reproduced from ref. 448, with the permission

of the American Institute of Physics, copyright 1999.
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Scheme 29 Synthesis of SEBS AEMs by (a) chloromethylation and (b) transition metal-catalysed C—H borylation—Suzuki coupling approaches.

transforms the commercial elastomeric material into an elastic
proton exchange membrane in one step.*>*** In general, the
chemical functionalization of SEBS to prepare AEM involves the
chloromethylation route shown in Scheme 29a. The reaction of
SEBS with chloromethyl methyl ether in the presence of a Lewis
acid catalyst incorporates a -CH,Cl group into the benzylic
position of the polystyrene end block. Subsequent substitution
of the benzyl chloride in the polymer with trimethylamine gives
a BTMA-functionalized SEBS (SEBS-BTMA). As stated in Section
2.1, although commonly practiced in laboratories, chloro-
methylation in polymer substrates frequently results in low
efficiency and side reactions, including extensive cross-
linking."**"**® To overcome the limitations of chloromethyla-
tion, Bae and co-workers reported a transition metal-catalysed
C-H borylation route for the synthesis of quaternary
ammonium-functionalized SEBS AEMs (Scheme 29b).**” Once
the Bpin group is incorporated into the aromatic ring of
polystyrene by replacing a C-H bond with a C-B bond, the
Bpin group is replaced by functionalized aromatics through a
Pd-catalysed Suzuki-coupling reaction. Although this synthetic
approach allows the incorporation of a wide array of quaternary
ammoniums at the terminal benzylic position, the requirement
for expensive transition metal catalysts (Ir and Pd) would limit
the scalability of the process.

Among the commonly practiced organic reactions for poly-
mers, the most frequently used catalysis is an acid-catalysed
reaction, employing either Bronsted or Lewis acid. Therefore,
for the chemical modification of polymers to be practical and
scalable, acid-catalysed functionalization would be highly desir-
able. Furthermore, among quaternary ammonium structures in
AEMs, the insertion of a long alkyl chain spacer between the
polymer chain and quaternary ammonium structure is
known to enhance alkaline stability and the mobility of ionic
groups compared to BTMA functionality.””*®**® Accordingly,
the incorporation of a long spacer-tethered quaternary ammo-
nium group to SEBS has been studied by utilizing Friedel-
Crafts reactions. The Friedel-Crafts acylation of SEBS yields a
ketone-functionalized polymer (SEBS-acylC5-Br of Scheme 30b),
which can be subsequently reduced to -CH,- by reaction with
triethylsilane. After being cast into a film, immersion of SEBS-

This journal is © The Royal Society of Chemistry 2024
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Scheme 30 Synthesis of SEBS AEMs by (a) Friedel-Crafts alkylation and
(b) Friedel-Crafts acylation-reduction approaches.

acylC5-Br into a solution of trimethylamine forms SEBS-acylC5-
TMA as an AEM.**° Although each reaction in this method is
well-established in organic chemistry, the Friedel-Crafts acyla-
tion with an acid chloride that has terminal alkyl bromide
moiety needs caution because both acid chloride and alkyl
bromide can undergo Friedel-Crafts acylation and alkylation,
respectively, in the presence of strong Lewis acid catalyst. If
both reactions occur on polystyrene chains, crosslinking of
polymer chains would occur, causing reduced solubility and
gelation. The Friedel-Crafts alkylation with a brominated ter-
tiary alcohol substrate eliminates that possible side reaction
because Brensted acid would react only with tertiary alcohol
functionality, forming a tertiary carbocation, without affecting
the terminal ~-CH,Br group (Scheme 30a).**® Compared to the
Friedel-Crafts acylation method, the alkylation approach also
has the advantage of a shorter reaction scheme by eliminating
the reduction step of the acyl group in SEBS.

Other methods of synthesizing styrene-diene block copoly-
mer AEMs through anionic polymerization include radical-
induced bromination of poly(4-methylstyrene) using NBS and
AIBN (Scheme 31a). Once diblock copolymer PB-b-PAMS was
prepared by living anionic polymerization, followed by hydro-
genation using p-toluenesulfonyl hydrazide. Subsequent radical
bromination at the benzylic position generates a -CH,Br moiety
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at the side chain of the polystyrene block. Amination of the block
copolymer film in a solution of trimethylamine converts the
benzyl bromide to benzyltrimethylammonium bromide in
the polymer (PE-b-PS(BTMA) of Scheme 31a).*®* Kraton Perfor-
mance Polymers Inc. (Houston, TX) specializes in the synthesis
of poly(4-tert-butylstyrene)-b-poly(2-methylbutylene)-b-poly(4-
methylstyrene)-b-poly(2-methylbutylene)-b-poly(4-tert-butylstyrene)
(tbS-MB-4mS-MB-tbS of Scheme 31b). The midblock sulfonated
version of the symmetric pentablock copolymer is commercially
available with the trade name Nexar®™ and has attracted signifi-
cant attention as a functional material for water transport and
separation applications. The tertiary butyl group at the end block
of the polystyrene chain increases T, and enhances mechanical
strength, while the low T poly(2-methylbutylene) block provides
flexibility. The midblock poly(4-methylstyrene) was functionalized
with benzyltrimethylammonium bromide using a similar protocol
of radical-induced bromination and investigated as an AEM
(Scheme 31b).**

Most styrene-diene triblock copolymer AEMs have polystyr-
ene chains as an end block because rigid polystyrene functions
as a hard block component in ABA triblock copolymer systems.
An interesting approach to using semicrystalline polyethylene
as a hard block component has been reported.*®® In this
system, a sequence of anionic polymerization of butadiene
and styrene in cyclohexane solvent generates a triblock copoly-
mer poly(butadiene)-b-polystyrene-b-poly(butadiene). Although
minor formation of poly(1,2-butadiene) is unavoidable, the
polybutadiene end block consists primarily 1,4-configuration
unit (over 90% based on 'H NMR spectroscopic analysis).
This high percentage of 1,4-configuration in polybutadiene
allows the conversion of the soft polymer chain at the end
of the triblock copolymer to a rigid polyethylene block
upon hydrogenation (ESE of Scheme 31c). The bromoalkyl
functionalization using Friedel-Crafts alkylation chemistry®®
and subsequent amination results in triblock copolymer
AEMs where midblock polystyrene is functionalized with a
quaternary ammonium group. (ESE-C5-TMA). This midblock

(diblock)
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tbS-MB-4mS-MB-tbS
(pentablock)

@y 27 _H
I
b T NiAlcat
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functionalized AEM is equivalent to complemental SEBS AEM
where the end block polystyrene is functionalized with an ionic
group (SEBS-C,-TMA of Scheme 30a).

Living anionic polymerization affords polymers with well-
defined block composition and narrow molecular weight distribu-
tion but requires strict reaction conditions of an inert atmosphere
and purification of reagents and solvents. Due to the strong
nucleophilicity of anionic catalyst (e.g:, sec-BuLi), the polymeriza-
tion is not tolerant to common precursor groups typically used for
AEPs, such as halides and amine, limiting the choice of polymers
for AEP synthesis. Thus, the synthesis of AEP block copolymers
from anionic polymerization first requires the installation of a
precursor functional group by post-functionalization of the aro-
matic rings of the styrene block, such as chloromethylation or
Friedel-Crafts reactions, which needs to be subsequently con-
verted to alkaline stable quaternary ammonium groups.

5. Commercialization and milestones

5.1. Scale-up synthesis and markets

5.1.1. Markets for AEM. In 1998-2000, membranes and
module sales amounted to 4400 million US$ with a growth rate
of >8%. Notably, the application segments ‘“‘electrochemical
industry” and “miscellaneous” contributed only with 3% and
8%, respectively. Process-wise, the segments “electrodialysis”
and “electrolysis” accounted for 110 and 70 million USS$,
respectively.*®* While Nafion™ membranes are essential for
polymer electrolyte fuel cells, their main application is chlorine
production. In 2003, chlor-alkali electrolysers with an active
membrane area of 645 000 m? were in service, and a service life
of longer than 3 years indicates a replacement business of up to
215000 m” year™ ".**® Based on a price of 850 US$ per m” for the
300 pm-thick Nafion 954 membranes used in this application,
this represents a potential business of 180 million US$ per year.

For AEM, the situation is similar. While AEMs are an
essential component for AEMWE, their main markets are

1. Hydrogenation

2. AIBN/NBS

(radical bromination)
—————————

3. N(CHa)s

PE-b-PS(BTMA)

& Br

Scheme 31 Additional synthetic methods of styrene-diene block copolymer AEMs.
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currently in the field of water treatment, such as seawater
desalination, tap water softening, or ED, which are already
established markets. Although the requirements for conductiv-
ity, thermal and alkaline stability are quite different, it would
be attractive for membrane producers to use the same
membrane platform to serve the well-established water treat-
ment/purification markets and the just-starting AEMWE mar-
ket. In this light, it is not surprising that Fumatech, which
strongly supports the energy community by providing a variety
of ion exchange membranes, is part of BWT Holding (Best
Water Technology), a company with over 5000 employees.

The European Union aims to install 40 GW of new electro-
lysis capacities by 2030. Using a very rough estimation, if
the average electrolysis performance is 2 A cm™> at 2 V (i.e.,
4 W cm™?), the required active membrane area would be
1000000 m? translating to a production volume of
125000 m* year ' (2023-2030). A cell design published by
Loh et al. for a 100 cm? cell indicates that the total area required
for the cell is up to 30-76% larger than the active area.*®® As an
estimate, 200000 m* year ' may be needed to satisfy the
European membrane demand for water electrolysis — if all
installed systems would be AEMWE.

5.1.2. Commercial aryl ether-free membranes. Older AEMs
often contain ethers in the backbone with limited chemical
stability,"®” and some AEMs are not readily commercially
available and only accessible through bilateral agreements, like
Tokuyama’s A201*®” or Evonik’s Duraion.**® In contrast to
some older AEMs, the newer generations often show higher
conductivity. Brand names are Sustainion®™ from Dioxide Mate-
rials, AEMION and AEMION + ® from Ionomr, TM1 from Orion
Polymer, Hollex from TailorMem, and PiperION from Versogen
(Table 1). The chemical structures of these membranes are
shown in Fig. 21. Table 1 also lists some key membrane

Table 1 Companies which offer aryl ether-free AEMs; IEC (mequivoy g~ %), hydroxide conductivity (o, mS cm™
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properties, though not from a direct comparison using the
same measuring condition. Furthermore, the more important
property governing the electrolyser performance is area-specific
resistance (i.e., thickness/conductivity). While low thickness
will result in low resistance, it will also result in higher
hydrogen crossover and lower mechanical stability (not as
tensile strength in MPa, but as absolute stress at break in
Newton). Reinforcements decrease the overall IEC and conduc-
tivity, and increase the resistance, but also increase the
mechanical strength. If the reinforcement and the ion-
conducting matrix have a stable interface, reinforcements will
reduce the hydrogen crossover, but different responses to
humidity and temperature can result in different swelling
behaviour, and thus voids along the support, which increases
the gas crossover.**%*7°

5.1.3. Upscaling chemical reactions. The first challenge
towards commercialization is the scale-up of polymer synth-
esis. One potential hurdle is the availability and cost of the
monomers, which may be limited. Another challenge is the
process engineering. Although a reaction works well in the lab,
it will be necessary to adjust the reaction parameters when
moving to the pilot scale to compensate for changes in heat and
mass transfer. For example, Song et al. reported the synthesis of
a polymer by reacting m-terphenyl, p-terphenyl, and 1-
methylpiperidine-4-one in a ratio of 1:1:2 in a Friedel-Crafts
polymerization, followed by functionalization with vinylben-
zylchloride as a crosslinking point and permethylation. Moving
to the kg-scale (Fig. 22a) required several changes.*’® While the
monomer concentration remained unchanged during polymer-
ization, the polymer concentration was increased to 50% for the
functionalization step, possibly to reduce the amount of the
solvent and to gain more robust polymer fibres in the precipita-
tion step. Another concern is the dissipation of heat in large

Y

Company Country Trade name Comment

Key properties

Dioxide materials USA Sustainion®

available®”*

Ionomr Canada AEMION/AEMION + ™

Orion polymer  USA T™1

available'®
TailorMem Czechia Hollex Non-reinforced PSEBS-DABCO
Versogen USA PiperION Piperidinium-functionalized poly-

mer, various grades available

This journal is © The Royal Society of Chemistry 2024

Imidazolium-functionalized poly-
styrene, various grades

Poly(bis-arylimidazolium)-based,
various grades available

TMA-based polyphenylene
membrane, various grades

Sustainion® X37-50

Non-reinforced

Thickness: 50 pm

IEC: 1.1;*"% 6,5:¢: 72 (1 M KOH)*"?
AF3-HWK9-75-X

Reinforced (woven Polyether ether ketone)
Thickness: 75 pm

IEC: 1.9-2.7;*"% g: >39%74

™1

Non-reinforced

IEC: 2.1; 0goec: 130 (water)'®?

Hollex ADL 911 NR

Non-reinforced

IEC: 0.76-0.94;"7>"7¢ G40.c: >30,"® 75 (water)*”®
PI-20

Non-reinforced

Thickness: 20 pm

IEC: 2.35 (PAP membrane which appears to be PI-20)
a: 71 (30 °C),**° 58 (25 °C, PAP membrane which appears
to be PI-20)*"7

PI-15

Reinforced with ePTFE

Thickness: 15 pm

o30°ct 77°%°

253,473

166

477

Chem. Soc. Rev., 2024, 53, 5704-5780 | 5743


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cs00186e

Open Access Article. Published on 26 April 2024. Downloaded on 3/7/2026 5:33:40 AM.

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

(cc)

Chem Soc Rev

\ J
TR Or

AEMION (lonomr)
HMT-PBI

Hollex (TailorMem)
DABCO-modified SEBS

Sustainon (Dioxide Materlals)
DVB-crosslinked poly(styrene)
functionalized with
1,2,4,5-tetramethylimidazolium

o0,

View Article Online

Review Article

Zz—2

,z + Zo g
+

>—§ §—< |
I:—F
AEMION+ (lonomr)

poly(bis-arylimidazolium)

OOO

TM1 (Orion Polymer)
mTPN

o
”\z

T -

+N—

N
/ \\ OH PAP-TP

Fig. 22
terphenyl, para-terphenyl and 1-methylpiperidine-4-one in a ratio of
1:1:2, followed by functionalization with vinylbenzylchloride as cross-
linking point and permethylation; (b)-(d) pilot-scale membrane produc-

(a) Upscale production of a polymer made by polymerizing m-

tion of the membrane. Reproduced with permission.*’®

reactors. While small flasks can be efficiently stirred with
magnetic stirrers and heat transfer to the wall of the flask is
efficient, cooling large reactors can be challenging. Especially
when the viscosity of the polymerization mixture increases, the
temperature distribution becomes uneven. The choice of opti-
mal stirrer designs and additional cooling circuits becomes
necessary. The endpoint of polymerisation is often defined by
reaching a certain viscosity. Qualitatively, Song et al. stopped
the lab reaction after 9 hours when the magnetic stir bar
stopped stirring. In the kg scale, the stirring paddle stopped
moving after 24 hours.

For radical polymerisations, especially with polymerizing
undiluted monomers, auto-acceleration by the Trommsdorff-
Norrish Effect, or simply the gel effect, poses a safety threat and
increases the polymer molecular weight.*”® When the viscosity

5744 | Chem. Soc. Rev., 2024, 53, 5704-5780

PiperlON (Versogen)

increases, which may also happen locally, the mobility of the
reactive chain ends decreases, and termination reactions slow
down. At the same time, because the mobility of small mono-
mers is still high, chains continue to grow, resulting in an
overall accelerated reaction rate and a temperature increase. If
this heat cannot be dissipated, the reactor may experience a
thermal runaway situation.

5.1.4. Upscaling membrane fabrication. Although a few
membranes may be produced in batch processes, by casting
on a tray, most membranes will eventually be produced in a
roll-to-roll process to reduce production costs and improve
membrane homogeneity. As an example, Song et al. dissolved
1.5 kg of their AEM polymer in DMSO to get a 25 wt% solution
and cast at a speed of 0.3 m min '.*"®

Based on information from IRENA, Chatenet et al. reported
that the active areas of AEMWE and AWE are in the range of
<300 ecm® and 1-3 m?, respectively, and will increase to
1000 cm” and 3 m?, respectively.*®® Traditionally, many electro-
lysers are produced in a circular cell design, in contrast to fuel
cells, which usually have square cell designs. While circular
designs appear to have advantages in cell sealing and pressure
distribution, square designs will lead to less material losses
when cutting membrane sheets from a roll. If electrolyser
companies request circular membranes of 1000 cm? area, it
will be necessary to provide sheets of >36 cm width and length,
which may necessitate investments into casting equipment for
some membrane companies. On the other hand, the standard
roll widths for Nafion 212 membranes are 61 cm and the half
roll width of 30.5 cm is made by splitting a roll. Song et al.
showed the production of a 107 cm broad AEM (Fig. 22d),*"®
and ETFE films are available in 150 cm roll width.*®

In roll-to-roll casting, membranes are typically prepared
by pouring a polymer solution onto a moving support film,
for example, a PET film. The thickness of the wet solution is
then controlled by passing a blade, and the solvents are
evaporated by passing through a drying unit. Finally, some

This journal is © The Royal Society of Chemistry 2024
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online inspections may control the thickness or absence of
pinholes. At the end of the production line, the membrane is
rolled up, and sometimes an additional cover sheet is added to
fully protect the membrane.**?

Blade- or knife-coating (Fig. 23a) may lead to slight wave-like
variations in the thickness. An alternative to blade or knife
coating is the application of the polymer solution to the
support by slot-die coating (Fig. 23b).*** In this method, the
polymer solution is pumped into a long reservoir that spans
the entire membrane width and has a slit opening on the
bottom, through which the polymer solution falls onto the
support film. Control parameters include the polymer flow rate,
the gap width, and the distance between the slit and the
support. A potential issue with this method is that the polymer
solution is fed into the slot-die in the middle of the tool, which
can result in different flow velocities and thus shear rates close
to the solution inlet and at the ends of the tool.*** This can
result in a different degree of orientation for the polymer
chains in the middle and at the edges of the roll, especially
when membranes are melt-processed. For example, Brack and
Scherer reported different shrinking behaviour, when
membrane stripes sampled at different width positions of an
ETFE roll (which presumably was prepared by slot-die-coating
of an ETFE melt) were heated.***

A special case is RG membranes, which do not require
casting solutions. While all steps ((i) irradiation, (ii) grafting
by immersion in a solution containing the monomers, (iii) final
functionalization by reaction with an amine) can be easily done
by moving the membrane from one roll to another through a
radiation source or reaction bath, the kinetic control of the
grafting step could be a potential challenge for mass produc-
tion and will necessitate online control, e.g. online IR measure-
ments to ensure the degree of grafting. In addition, any change
in monomer concentration and solution viscosity, and possible
formation of homopolymers, also need to be monitored during
the process.

Industry prefers to cast membranes continuously for hours
or even days before changing to another membrane type. One
reason is that the first several meters of membrane leaving the
casting machine are often not within the specifications. It takes
time for the heat profile in the drying unit to become uniform,
and the gap width of the casting knife may need adjustment. At
the end of the casting process, some polymer may be lost in the
pumps and tubes, resulting in significant losses for small
batches. Therefore, to produce continuously, large solution

8 polymer b Ehdion
drying solution drying
unit ) ' I unit I’
- e | .
roll with roll with
support film support film

Fig. 23 Continuous roll-to-roll membrane production using (a) knife-
coating and (b) slot-die coating.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Chem Soc Rev

volumes need to be prepared and used for hours or days, and
the shelf-life of the solutions needs consideration. One
potential problem is agglomeration and sedimentation, not
only of additives like inorganic nanoparticles,*®® but also of
the polymer itself. For example, while PBI is fully soluble in
DMAc, obtained solutions may gel suddenly. To suppress this
gelation, which occurs due to an increasing number of chain-
chain interactions, LiCl is added to the solutions to shield the
hydrogen bond acceptor groups.*®

The inclusion of porous supports increases the complexity
of the casting process. To some extent, the application of
porous supports is easier on a large scale, because the porous
membrane will be under constant tension between the two
roles, thus resisting wrinkling and allowing for easy pressing
into the casted wet film. However, this requires high precision
of the porous material. If one side of the porous film is slightly
thicker than the other, the thicker side will be stretched when
the film is wound up on a roll. When such support is embedded
into the straight, freshly cast AEM, the curvature of the porous
film will result in wrinkles.

5.1.5.
solvents evaporated during membrane fabrication at the lab
scale is typically released in a hood and then blown into the
atmosphere, large amounts of solvents evaporated during
industrial membrane production should be recovered in a
condenser. Sensors and nitrogen flushing should be employed
to prevent reaching explosion limits of air/solvent mixtures.
Furthermore, some chemicals and solvents used in AEM fabri-
cation are toxic.

One example is methyl iodide, which is commonly used for
the quaternization of tertiary amine groups like polymer-bound
dimethylamine, DABCO, or MPIP. Methyl iodide has a very high
vapour pressure (~23 times higher than that of water at 20 °C)
and is toxic when inhaled, and is suspected of causing cancer.

Another example is polar aprotic solvents, which are com-
monly used to cast ion-conducting polymers. DMAc, DMF, and
NMP have been identified by the European Chemicals Agency
as Substances of Very High Concern.*®” One factor to be
considered is whether a substance is classified as carcinogenic,
mutagenic, or toxic for reproduction, category 1A or 1B. One of
the hazard statements for NMP is H360: May Damage Fertility
or the Unborn Child. In addition to H360, the hazard state-
ments for DMF and DMAc also include H351: Suspected of
Causing Cancer. In December 2022, US EPA published a new
risk determination for NMP and announced plans to propose a
rule to regulate NMP.*88

Ideally, casting solutions should be changed into water- or
alcohol-based systems. Water-based systems could reduce capi-
tal expenditures, because water can be evaporated in open
casting systems without the need to condense the evaporated
solvents from the exhaust or take precautions like using an
inert atmosphere to avoid explosive solvent vapour mixtures
with air. However, the challenge is more complex than simply
preparing solutions and obtaining a membrane from them, as
there can be a strong correlation between membrane properties
and casting solvents for ion exchange membranes. It has been

Environmental concerns. While the small amount of
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shown for Nafion™ that the choice of solvents has a strong
effect on the membrane’s mechanical strength, which depends
on the degree of crystallization and entanglement.*3%4%°

5.2. Property measurement

The properties of AEPs, especially anion conductivity and water
uptake, are heavily impacted by counter anions. Even other
traits, such as dimensional stability, mechanical properties,
and gas permeability, can all be influenced by counter ions
because they change the polarity of the polymers. Understand-
ing the balance between hydroxide, carbonate, and bicarbonate
ions is critically important, especially for devices like electro-
chemical CO, capture and electrolysers. When it comes to
devices designed to separate anionic species, membrane prop-
erties with different counter ions are typically reported. Further-
more, even for electrochemical devices relying on hydroxide
conduction, polymer properties with other counter ions are
often reported because quaternized polymers with a hydroxide
counter ion are less processable and more sensitive to
carbonation.

Because the properties of AEPs are highly influenced by
carbonate equilibrium,*** standardized protocols become cri-
tical. Back in the early days before 2015, most of the property
measurements for AEP materials were adopted by modifying
PEM measurement protocols.’> However, AEP-specific prop-
erty measurement techniques have been developed to compare
the material properties with different chemistry. In this section,
we briefly review measurements of five key properties.

5.2.1. Anion conductivity. The ion conductivity of an AEP is
typically measured by the AC impedance technique where a
small AC signal in the frequency range of 0.1-10000 kHz is
applied to perturb the system to obtain the impedance data.
The most common cell geometries for AEM conductivity
are two-probe in-plane window cells*** and four-probe in-
plane or through-plane geometries.****> In two-probe cell
geometry, the current-generating electrodes serve as the
voltage-measuring probes, while the four-probe in-plane geo-
metry is connected separately. These two- and four-probe
cells provide accurate halogenated and carbonated anionic
conductivity,**®**® but accurate measurement of hydroxide
conductivity of the AEMs in the trace of carbonate and bicar-
bonate ions is challenging due to the fast reaction rate of
hydroxide ions with atmospheric CO,, replacing hydroxide ions
with less mobile carbonate and bicarbonate ions.**® The hydro-
xide conductivity was measured in deionized water purging and
blanketing with an inert gas such as nitrogen or argon,'® but
even a short exposure to ambient air may cause carbonation.
Ziv and Dekel proposed a method that measures hydroxide
conductivity more accurately with an ex situ test set-up that
forces the release of (bi)carbonate ions by applying an external
electric current through the membrane.**® While the method
was initially developed to analyse the conductivity of AEMs
for AEMFC with humidified gas streams to transport the
released (bi)carbonates away, membranes for AEMWE can be
conveniently measured in water without the need for expensive
equipment.*®®

5746 | Chem. Soc. Rev., 2024, 53, 5704-5780

View Article Online

Review Article

The hydroxide conductivity of AEMs can also be measured
with an MEA single cell. In this method, the ohmic resistance
of MEAs is normally obtained by current interrupt®*' or
high-frequency resistance methods.>***°® The hydroxide con-
ductivity is obtained by subtracting the non-membrane resis-
tance from the measured ohmic resistance.’®* Some high-
performance AEIs are too brittle to cast into free-standing
films.'®>”® The anionic conductivity of the AEIs can be esti-
mated by the solution (or dispersion) conductivity>®*> or sheet
resistance of the electrode.>*® The conductivity of AEIs from the
solution and electrode does not reflect the true anionic con-
ductivity; the solution conductivity depends on the dielectric
constant of the solvent, and sheet resistance is a function of the
tortuosity of the ionomer. Nevertheless, these methods provide
useful conductivity-related information for comparison with
the standard material that has the known conductivity value.
The anion conductivity of some AEI materials that do not form
free-standing films can still be measured by preparing a thin
film coating on a substrate.>*”>%

5.2.2. Gas permeability. The physical crossover of reactant
gases (fuel cells) or gas products (water electrolysers) through
ion exchange membranes has been an important concern, and
several methods to measure gas crossover, such as the gas
permeation rate (mol cm > s ') have been reported.”’® A
pressure permeation cell uses a conventional diffusion cell
with controlled humidified gas flow coupled with a detector
such as gas chromatography or mass spectrometry.”'" It is a
suitable method for evaluating membranes under differential
pressure operation conditions in AEMWE. Chronoamperome-
try analysis can be used for measuring the gas permeability of
ionomer thin film using a microelectrode. Hydrogen and oxy-
gen permeability are calculated from the diffusion coefficient
and solubility of gases in the membrane.>'? Since the ionomer
needs to be cast as a thin layer on the microdisk electrode, this
method is favoured for AEPs prepared as the ionomer solution
and is useful for the permeation rate measurement of AEL>"?
Gas permeability can be also measured in situ using an MEA.
With the standard fuel cell MEA set up, the limiting current of
the electrochemical reaction caused by the hydrogen that
crosses over the AEM is measured to calculate hydrogen
permeability.>*?

The gas permeability is strongly affected by the hydration
level of membranes. Increasing the membrane hydration level
increases permeability; therefore, AEMs used in water electro-
lysers need to be fully hydrated for the measurement. Oxygen
crossover is of less concern for hydrocarbon-based AEMs
because of its low permeability compared to hydrogen.>**>'?

5.2.3. Ion exchange capacity (IEC). The IEC value is used to
quantify the amount of the anion exchangeable groups in an
AEP and is typically measured by titration using counter
anions. Among several methods that have been reported,
acid-base back titration and Mohr titration have been the most
commonly used techniques for measuring IEC for AEPs.>'®
Acid-base back-titration uses phenolphthalein as a colori-
metric indicator to detect the endpoint of titration using the
base titrant and the acid analyte-containing hydroxide anions

This journal is © The Royal Society of Chemistry 2024
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from AEPs. Mohr titration uses halide counterions exchanged
from AEPs as the analyte, the silver nitrate titrant, and potas-
sium chromate as an indicator. The red precipitate of silver
chromate formed indicates the endpoint. Volhard titration,
another back-titration method, was also used for the determi-
nation of IEC.>"” This method uses iron(m) nitrate as an
indicator, silver nitrate solution containing halide ions from
AEPs as the analyte, and potassium thiocyanate as a titrant. A
control sample of silver nitrate is titrated with potassium
thiocyanate for IEC calculation. These colorimetric titration
methods are easily practiced, but several reports have men-
tioned the large range of errors of titrated IEC values due to the
multiple experimental factors causing errors, including incom-
plete ion exchange during the analyte preparation, incomplete
drying of AEP, and missing the endpoint of the indicator
due to the different colour perception of humans.*?”>'® pPoten-
tiometric titration using an automated titrator with the silver
selective electrode has been proposed for IEC measurement.”"®
Although the scope of the instrument to be used is narrow,
the method does not use colorimetric indicators, which can
help to reduce a common error from the conventional titration
methods. Other methods include the detection of nitrate ions
by UV/VIS,>" the detection of chloride ions with an ion-
selective electrode,”® and ion exchange chromatography.>*'

The polymer structure analysis using NMR spectroscopy is
also an effective method to calculate IEC. The peak integration
of a "H NMR spectrum is typically used for IEC calculation.’*
The sample of interest needs to be fully dissolved in a deuter-
ated solvent (e.g., DMSO-ds, MeOD) for the solution NMR
analysis. The method cannot be used for AEPs with limited
solubility, such as crosslinked/reinforced polymers, block copo-
lymers, and grafted copolymers. AEPs prepared by heteroge-
neous quaternization (cast as a film and then quaternized by
immersion in aqueous amine solution) also show limited
solubility; the degree of functionalization of precursor groups
in these polymers is often analysed using NMR before quater-
nization using a less polar solvent, e.g., CDCl;, and compared
with the titrated IEC value after quaternization to confirm
quantitative conversion into cation.”®> Solid-state NMR techni-
ques have not been used much for measuring IEC due to their
insufficient resolution for integration.’*

5.2.4. Alkaline stability. The standard procedure to evalu-
ate the alkaline stability of AEMs is to immerse the AEM sample
in 1 M KOH (or NaOH) at 60 or 80 °C for a 4-week period.>** The
degree of degradation is evaluated by changes in IEC, ionic
conductivity, chemical structure (NMR, FTIR), and mechanical
properties. The alkaline solution saturated with oxygen is
reported to show higher degradation rates of AEMs, compared
to those immersed in nitrogen degassed alkaline solution.™""
Kreuer and Jannasch developed a thermogravimetric method
for quantifying the IEC loss of AEMs at controlled temperature
and hydration levels.”*® This method measures the hydration
number under controlled temperature and RH conditions
while continuously recording the sample weight. Compared
to the tests in aqueous solutions of KOH, no additional cations,
anions, and water are present in the membrane. Coates et al.
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developed a protocol for the quantitative assessment of cation
stability.>>® In this protocol, they suggested a procedure invol-
ving "H NMR to evaluate model cation stability in a 1 M KOH/
CD;O0H solution (or higher base concentrations) in a sealed
NMR tube at 80 °C. "H NMR analysis is employed to quantita-
tively follow the course of reactions in situ. Diesendruck and co-
workers developed an ex situ stability protocol using a dry
potassium hydroxide solution. The dry solution is prepared
with potassium metal, which was added to 18-crown-6 then
dissolving it in dry DMSO-d to form the stock solution.>*® Then
quaternized polymers (0.035 mmol of cationic group) are dis-
solved in the solution to monitor the rate of cation decomposi-
tion using "H NMR. For experiments with a hydration number
greater than 0, the required concentration of water is added.
This method may estimate the alkaline stability of quaternized
polymers under reduced RH conditions, e.g., AEMFC cathode.

5.2.5. Adsorption properties. The adsorption properties in
AEPs have only recently gained attention within the AEP
research community. Two crucial components in AEPs have
been identified as significant. Firstly, the presence of positively
charged cationic groups drives their adsorption,*%%7:328
ring at electrodes with a negative charge, namely the
anode. This is in contrast to proton exchange ionomers, where
anionic adsorption, such as sulphate or phosphate, takes place
on the positively charged electrode, ie., the cathode. The
second critical component is the polar fragments of
ionomers,'*>**°7>*! inyolving polar interactions, including the
van der Waals interaction of the phenyl group. This type of
adsorption occurs with a broader range of electrode potentials.

The evaluation of ionomer adsorption on catalyst surfaces
can be conducted through either direct or indirect methods.
Direct measurements offer precise information about the
adsorbed species but are often challenging due to the intricate
behaviour of these species and the difficulty in separating them
from bulk ionomers. On the other hand, indirect measure-
ments, while sensitive, provide information specific to the
measuring conditions during electrochemical responses.

Cationic species, commonly adsorbed at the anode of fuel
cells and electrolysers, can be directly measured using techni-
ques like infrared reflection absorption spectroscopy'®® and
neutron reflectometry.”** Alternatively, cyclic voltammetry can
be employed as an indirect method to gauge the reduction in
electrochemical surface area (ECSA) caused by adsorbed catio-
nic group species. However, it is important to note that the
ECSA reduction might not precisely correlate quantitatively
with the adsorption area of cationic groups, as the adsorption
sites for hydrogen and cationic groups may not be identical.
Additionally, the ECSA is typically measured at relatively low
potentials, and the adsorption of cationic groups at high
potentials, such as the anode of electrolyser, may exhibit
different behaviours.

For ionomer fragment adsorption, the electrochemical oxi-
dized products of ionomers are examined by 'H NMR,'?%123:333
This involves MEA testing at high potentials, followed by
dissolving the ionomer in the NMR solvent to observe the
structural changes induced by electrochemical oxidation. While

occur-
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this method offers detailed insights into the ionomer’s struc-
tural alterations, it may pose challenges when dealing with
insoluble ionomers. In such cases, X-ray photoelectron spectro-
scopy can be employed to detect oxidation products.'?”:140>34
Electrochemical analysis, a sensitive technique for measuring
electro-oxidative current density, involves studying cyclic vol-
tammograms of the electrodes. These voltammograms can
reveal the delayed potential of catalyst oxide formation and
the electrochemical oxidative current density at high
potentials,”*® typically exceeding 1.2 V, which differs from
normal cyclic voltammograms used in catalyst studies.

5.3. Milestones

The property milestones of AEMs were first set by the US DOE
the Hydrogen and Fuel Cell Technologies Office (HFTO) for
AEMFCs in 2013,>*> focusing on the alkaline stability of AEMs.
The target performance is retaining >99% of the original IEC
after 1000 hours in an alkaline solution at a temperature higher
than 80 °C. In 2016, the US DOE ARPA-E Integration and
Optimization of Novel Ion-Conducting Solids (IONICS) pro-
gram set the AEM milestones in the 11 categories (Table 2).
In 2019, the US DOE HFTO Alkaline Membrane Fuel Cell
Workshop suggested a few modifications to the IONICS tech-
nical target based on the participants’ opinions.>*®

In 2016, the participants in the Alkaline Membrane Fuel Cell
Workshop sponsored by US DOE HFTO suggested the AEM
property milestone should be connected with PGM loading.>*”
Based on the suggestion, US DOE HFTO published the mile-
stones for AEMFC>*® and AEMWE (Table 3).>*° The 2026 target
performance of AEMWE is ~60% compared to that of
the PEMWE.

Table 2 Technical metrics of AEM set by US DOE

View Article Online

Review Article

6. Device performance

6.1. Anion exchange membrane fuel cells

AEMFC performance is typically measured by polarization
curves. Because AEMFC is not yet a mature technology, most
AEMFC performance has been measured under H,/O, condi-
tions to decouple CO,-related complications and cell degrada-
tion. Most papers reported the PPD as a metric of the
performance and voltage degradation rate at a constant current
as a metric of cell durability. The properties of materials
constituting the MEAs and their operating conditions affect
the fuel cell performance as a result,>**®**" and thus it is
difficult to assess AEM and AEI independently from the PPD
measured with different MEAs under different operating con-
ditions. However, since AEMs and AEIs play a critical role in
fuel cell performance and durability, it is useful to survey these
components that show high performance in AEMFCs. In this
section, we analyse the data that report more than 0.5 W cm >
PPD to provide information regarding the implementation of
aryl ether-free AEMs and AEIs for high-performance AEMFCs.
Before 2015, the PPDs of most AEMWEs were less than
0.3 W ecm 2. The first high-performance AEMFC was reported
by Zhuang and co-workers using poly(aryl ether sulfone)
membrane and ionomers, which achieved a PPD of 1 W cm ™2
at 80 °C.>** Since then, about 10 articles reported more than
0.5 W cm *> PPD using aryl ether-containing polyaromatic
membranes (Table S1, ESIT). The first aryl ether-free polyaro-
matic AEM that showed more than 0.5 W cm™? in AEMFCs is a
perfluoroalkylene with a pendent ammonium group, reported
by Miyatake and co-workers in 2017.'°> Subsequently, several
research groups reported MEAs that exhibited more than

Number Metric ARPA-E (2016)

HFTO (2019)

1 Membrane chemical stability (at >80 °C
immersed in a pH > 14 solution)

>1000 hours with <2% loss in
IEC, ionic ASR, spectroscopic

>1000 hours with <5% loss in IEC and conductivity:
should include spectroscopic characterization.

measures of membrane state, and
mechanical properties

2 Component area over which property values >100 cm?
are achieved to within >90% uniformity

3 Ionic ASR (hydroxide form, 80 °C, liquid <0.04 Q em”
equilibrated)

4 Ionic ASR (80 °C, <50% RH, under air <0.08 Q cm?®
exposure, i.e., in presence of 400 ppm CO,)

5 Mechanical durability during humidity >20000 RH cycles
cycling

6 Electronic ASR >1000 Q cm?

7 Humidity stability factor >5

8 Swelling in liquid water at 25 °C <50%

9 Pressure differential (bar) >1

10 H, crossover and O, crossover <25 nmolcm “ s

11 Cost for membrane that can be practically <20 $ m™ >
integrated in a device

12 H,O0 transport n/a

13 Ionic permeability n/a

5748 | Chem. Soc. Rev., 2024, 53, 5704-5780

Delete this target or decrease priority
Add a target at 40 °C: 0.04 Q cm?

Change to a measurement at 80% RH under CO,-free
air exposure.
Delete this target.

No change proposed

No change proposed

To be measured as linear swell in X-Y plane in water,
membrane in OH™ form.

Delete for fuel cell and flow battery applications;
electrolyser industry input on burst test or other rele-
vant test and metrics needed.

Change to <5 mA em ™2 for H, crossover, eliminate O,
crossover target.

No change proposed

-1

New target proposed for water transport:
>4 mmol ecm > s~
New target proposed for flow batteries to limit per-

meability of other ions: <7 x 107% ecm? s

This journal is © The Royal Society of Chemistry 2024
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Table 3 U.S. DOE MEA milestones
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Year Milestone

AEMFC

2021 Initial performance: 100 mW cm > at 0.8 V with <0.2 mgpgy cm ™2, Hy/air, T > 80 °C, P < 250 kPa

2022 Initial performance: 0.65 V at 1000 mA cm™> on H,/O,; durability: <10% voltage degradation over 1000 hours; 7 > 80 °C,
P < 150 kPa; total PGM loading: <0.2 mg cm >

2024 Membrane: H, crossover <15 mA cm > during 1000 hours OCV hold at 70% RH and >80 °C, H,/N,

2025 Initial performance: 1000 mW cm ™2 at 0.65 V; Hy/air (CO,-free) with total PGM loading <0.125 mg cm™ 2, Hy/air, T > 80 °C,
P < 250 kPa

2030 Initial performance: >600 mW cm™> under H,/air (maximum pressure of 1.5 atm) in PGM-free MEA

Ultimate Initial performance: >1000 mW cm™? at rated power; PGM-free; H,/air; T > 80 °C, P < 250 kPa

AEMWE

2026 >2.0 A cm™? at 1.8 V with a degradation rate of <4 mV kh™" (tested at least 25 cm?) in both water and supporting electrolyte
feed (~0.5 M)

PEMWE

2026 >3.0 A cm 2 at 1.8 V with a degradation rate of 2.3 mV kh™" over at least 1000 hours (tested at least 25 cm?)

0.5 W cm™ > with aryl ether-free polyaromatic AEM and poly-
fluorene (FLN) AEI combinations (Table S2, ESIf). A lightly-
branched AEM with enhanced stability exhibited AEMFC per-
formance of approximately 2 W cm” PPD operating at 100 °C,
and 195 hours of durability with 140 mV h™" voltage decay rate,
and showed balanced water management.>*® Scott and co-
workers reported a PPD of 0.61 W cm > using radiation-
grafted aryl ether-free polyolefinic AEM in 2015.*** Approxi-
mately 15 articles report more than 0.5 W cm > PPD using
various aryl ether-free polyolefinic AEMs as of August 2023
(Table S3, ESIt).

At least ten articles reported more than 0.5 W cm™~> PPD for
PGM-free catalysed AEMFCs under H,/CO,-free air conditions

(Table S4, ESIT). The AEMFCs that showed high performance
mostly used either radiation-grafted or acid-catalysed phenyl
piperidinium, probably because of the commercial availability
of the latter. However, one should note that those AEMs have
high IEC (2.1-2.9 mequiv. g~ '), low thickness (15-25 um) and
relatively high operating temperature (~ 80 °C).

Fig. 24a shows the number of publications of high-
performance AEMWEs as a function of types of AEMs. The
number of publications reporting aryl ether-containing poly-
aromatic AEMs in high-performance AEMFCs ranges from 1 to
4 each year. The number of publications for aryl ether-free
polyaromatic (aryl ether-free PAr) AEMs substantially increased
in recent years, suggesting that tailoring aryl ether-free PAr
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Fig. 24 Summary of AEMFC performance using aryl ether-free polymers. (a) The number of publications that reported the PPD of more than 0.5 W
cm~2. (b) The cationic functional group of the AEMs used for high-performance AEMFCs, (c) the AEl in MEAs used for high-performance AEMFCs, (d) the
average IEC, WU, ¢, t, and PPD of the AEMs used for high-performance AEMFCs. The WU and ¢ are data at 80 °C.
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structure using different chemistries has now become
well-established. Also, note that 80% of the AEMs in the
aryl ether-free PAr publications used the acid-catalysed
polyhydroxyalkylation route.

Fig. 24b shows the cationic functional groups of the AEMs in
the high-performance AEMFCs. For aryl ether-PAs, most studies
used BTMA, likely because quaternization with trimethylamine
in the chloromethylated or methylbrominated phenyl is well-
established. For aryl ether-free PArs, alkaline-stable cationic
functional groups such as alkyl ammonium (alkyl-A)"¢823%:344-554
or phenyl-piperidinium (phenyl-pip)'8*478:351:3357361 are preva-
lent as cationic functional groups. Other alkaline-stable catio-
nic functional groups such as benzimidazolium®®* and alkyl
piperidinium®®*~>¢* have been frequently used as well. For aryl
ether-free polyolefins (aryl ether-free POs), BTMA, alkyl-A, and
phenyl-Pip are the most widespread functional groups. BTMA is
commonly used for radiation-grafted polymers and other poly-
olefinic AEMs. Overall, the most prevalent cationic functional
group is alkyl-A (appearing in 23 publications), followed by
phenyl-PiP (appearing in 17 publications) and BTMA (appear-
ing in 15 publications).

Fig. 24c illustrates the type of AEIs in the catalyst layers used
for high-performance AEMFCs.**® For most of the aryl ether PAr
studies, the same materials used for the AEM are employed as
the ionomeric binders and quaternized PPO and poly(aryl ether
sulfone) being the two most usual choices of aryl ether-
containing AEI The ionomeric binder that exhibited the high-
est performance in AEMFCs when paired with an aryl ether PAr-
based AEM was a radiation-grafted ETFE powder.’®” For aryl
ether-free PArs, polyaromatics with the phenyl-Pip functional
group were widely utilized. It is worth noting that phenyl-PiP is
the most prevalent cationic group (appearing in 19 publica-
tions) compared to alkyl piperidinium, despite its lower alka-
line stability (see Fig. 3). This is probably due to the higher fuel
cell performance of phenyl-PiP, as competitive adsorption of
piperidinium reduces phenyl adsorption on electrocatalysts.>*°
FLN ranks as the second most popular ionomer (appearing in
14 publications), possibly because its weaker interaction
with electrocatalysts enhances AEMFC performance. Kim and
co-workers demonstrated that the AEMFC performance using
FLN ionomers is significantly higher than that using
poly(phenylene) ionomers due to less phenyl adsorbing char-
acteristics of fluorene.'®* The superiority of the polyfluorene
backbone to poly(phenylene) ionomers was also discussed by
Lee and colleagues, who prepared poly(fluorenyl aryl piperidi-
nium) AEMs by combining phenyl-PiP and FLN, resulting in
high fuel cell performance.'’® Similar FLN ionomers showed
the highest H,/O, AEMFC performance for polyaromatic-based
MEAs (2.6 W cm~?), although the cell was evaluated under very
high flow rate and back pressures.”*® For aryl ether-free PArs,
various AEIs, including quaternized PPO, ETFE, FLN, polynor-
bornene, and phenyl-Pip were utilized. The wider range of
ionomeric binders used for aryl ether-free PO-based MEAs is
likely due to the low solubility of quaternized polyolefins. Note
that ETFE and most norbornene-based AEIs reported are used
as particulate dispersion. Using a particulate ionomer, Kohl
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and co-workers demonstrated the highest performance (PPD =
3.5 W ecm ?).%%7

Fig. 24d illustrates the properties of AEMs used in high-
performance AEMFCs. The average IEC of the aryl ether PAr
AEMs was 1.7 mequiv. g~ ', notably lower than those of the aryl
ether-free PArs and POs (2.3 and 2.0 mequiv. g~ ', respectively).
The higher IEC for the aryl ether-free systems reflects the
trend of using more conductive AEMs to enhance AEMFC
performance.’®® Due to their higher IEC, these aryl ether-free
systems also exhibited higher water uptake (WU) and hydroxide
conductivity (¢). The average thickness of the aryl ether PAr
AEMs was 48 um, thicker than the aryl ether-free PAr AEMs
(25 pm) and aryl ether-free PO AEMs (24 pm). Owing to their
higher conductivity and lower thickness, the aryl ether-free
system demonstrated higher PPD compared to the aryl ether
PArs-based AEMFCs. The average PPDs of the aryl ether-free PAr
and aryl ether-free PO-based AEMFCs were comparable, at
1.24 and 1.31 W cm 2, respectively. The relatively high variation
of PPD for the aryl ether-free PO-based AEMFCs can be attrib-
uted to the substantially high performance of MEAs using
particulate AEIs.

In assessing the durability of AEMFCs, we note the following
key points: (i) MEAs using more alkaline-stable cationic groups,
such as alkyl-A, demonstrated greater durability than those
using less alkaline-stable cationic groups like BTMA;**>% (ii)
MEAs using AEMs with lower IEC and WU are more durable
than those with higher IEC and WU;**"*"° (iii) MEAs using aryl
ether-free AEMs exhibited greater durability compared to those
with aryl ether-containing AEMs;*>*”"*"> (iv) While high cur-
rent density operation poses more challenges in water manage-
ment, comparable AEMFC durability can still be achieved with
appropriate humidity control.>*”>”®

Table S5 (ESIt) presents the durability of AEMFC using aryl
ether PAr AEMs from 2012 to 2023. Only three cases with a PPD
greater than 0.5 W ¢cm > demonstrated durability exceeding
100 hour.’®”**® The most durable MEA used an N-spirocyclic-
functionalized PES AEM, showing only 7% voltage loss after
550 hours of operation at 61 °C.°°” The second most durable
MEA used an imidazolium-functionalized AEM, exhibiting 70%
voltage loss after 960 hours at 60 °C.”*° Both cells used low IEC
(~1.4 mequiv. g ') to maintain cell durability. In contrast to
the lower durability of aryl ether PAr-based MEAs, those based
on aryl ether-free AEMs showed high durability (Table S6, ESIT).
The longest durability reported in AEMFC used an alkyl-A-
functionalized polynorbornene AEM (10 pm-thick) with poly-
norbornene AEI, operating for up to 3600 hours at 75 °C.°”* A
ferrocenium-functionalized polyethylene AEM also demon-
strated remarkable durability, with only a 4% voltage loss after
500 hours of operation at 120 °C.>">

In analysing the durability of AEMFCs, we focused on MEAs
with a PPD greater than 0.5 W cm ™2, as detailed in Tables S5
and S6 (ESIf) (Fig. 25). We identified five MEAs with aryl ether
PAr AEMs, eleven MEAs with aryl ether-free PAr AEMs, and six
MEAs with aryl ether-free PO AEMs. The average IEC of the aryl
ether PAr AEMs was substantially lower (1.5 mequiv. g ')
compared to the aryl ether-free AEMs (2.5 mequiv. g ).

This journal is © The Royal Society of Chemistry 2024
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Interestingly, the aryl ether PAr AEMs used in durability evalua-
tions were thinner than the AEMs used for those performance
evaluations. For instance, the average thickness of aryl ether
PArs for durability tests was 20 um, compared to 24 um for
performance tests. This enhanced durability with thinner AEMs
is likely attributed to improved water management facilitated
by higher water back-diffusion.’®””® Operating at slightly
higher temperatures and thinner AEMs, the PPD of aryl ether-
free PO AEM-based MEAs was higher (2.0 W cm™?) than that of
others (1.0 W cm ™2 for aryl ether PAr MEA and 1.5 W cm ™2 for
aryl ether-free PAr MEAs). MEAs using aryl ether-free PAr and
PO AEMs were tested for longer operation times. The average
duration for aryl ether PAr, aryl ether-free PAr, and aryl ether-
free PO MEAs was 100, 400, and 610 hours, respectively,
suggesting superior durability with aryl ether-free AEMs.

In our analysis of AEIs, we selected the MEAs that achieved a
PPD of greater than 0.5 W cm ™~ and operated for a duration of
>120 hours. We observed that the voltage degradation rate
strongly depends on the type of cationic group and the method
of AEI preparation (whether dissolved/dispersed in solution or
ground to powder and used as particulate). Interestingly, only
four types of AEIs demonstrated both high performance and
durability, BTMA, phenyl-Pip, alkyl-A, and particulate iono-
mers, as compared in Fig. 25b. The cationic functional groups
in the particulate ionomers were either BTMA or alkyl-A.
Particulate ionomers exhibit distinctive characteristics, includ-
ing high gas transport properties, and therefore can be categor-
ized separately from ionomers prepared as dispersions. The
AEMs for the BTMA AEI cells were slightly thinner (20 pm)
compared to those for the phenyl-PIP (25 pm) and alkyl-A

View Article Online
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(30 pum) AEI cells. Despite having thinner AEMs, the BTMA
AEI cells were lower (1.1 W cm™?) than the cells using phenyl-
Pip (1.6 W cm ?) and alkyl-A (1.5 W c¢cm ?) AEIs at similar
operating temperatures. The MEA using particulate ionomers
utilized thinner AEMs and showed higher PPDs. The most
notable finding from this analysis is the voltage degradation
rate; the BTMA cells exhibited more than two times higher
voltage degradation rate (1.1 mV h™ ") than those of phenyl-Pip
(0.47 mV h™") and alkyl-A (0.26 mV h™") cells. The particulate
AEI cells showed the lowest voltage degradation rate (019 mV
h™"), suggesting that water and gas transport in the electrodes
significantly influence AEMFC durability.

6.2. Water electrolysers

AEMs used for AEMFCs can be adapted for use in AEMWEs. We
surveyed the AEMs used in high-performance AEMWESs over the
last three years, focusing on those with high performance
(Tables S7 and S8, ESIf). It is interesting to note that the
AEMWE performance has been reported under both water
and liquid electrolyte-feed conditions. This is because the
performance of AEMWE greatly improves with liquid
electrolyte-feed conditions. The main cause of this is the
subject of ongoing work, but it is still under debate. The
possible reasons include increasing catalyst-electrolyte contact
area,”””*”® lowering cell resistance,"* enhanced basicity,””*>*°
and mitigating ionomer adsorption**® by liquid electrolytes.
Fig. 26a displays the types of AEMs used in high-
performance AEMWEs. Compared to the number of publica-
tions on AEMs for AEMFCs, there have been fewer numbers on
AEMs for AEMWES, reflecting the more recent focused interest
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Fig. 25 Summary of AEMFC durability using aryl ether-free AEPs. (a) Analys
criterion of PPD higher than 0.5 W cm™2. (b) Analysis in terms of the cation
and S6 (ESIt) with the criteria of PPD higher than 0.5 W cm™2
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is in terms of AEMs. AEMs were selected from Tables S5 and S6 (ESIt) with the
ic functional groups and the form of AEls. AEls were selected from Tables S5

and duration is 120 hours.
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Fig. 26 Summary of AEMWE performance using different types of AEMs and AEls. (a) The number of publications of high AEMWE performance over the
last three years (the current density of pure water and 1 M KOH-fed PGM-catalysed AEMWEs at 1.8 V: >0.4 A cm™2). (b) The properties of AEMs used in
high performance AEMWEs. (c) The number of publications of AEls as a function of the type of AEl binders in MEAs used for the pure water-fed AEMWEs,
and the number of publications of AEls as a function of the type of AEls in MEAs used for the 0.1 M KOH-fed AEMWEs.

in AEMWESs. Aryl ether-free PAr AEMs outnumbered aryl ether
PAr and aryl ether-free PO AEMs, although the difference in
publication numbers was not significant. alkyl-A and phenyl-
PiP are the two most commonly used cationic functional groups
in AEMs for AEMWE applications, similar to their use in
AEMFCs. However, imidazolium and DABCO are also widely
used. The relatively high number of articles on imidazolium
and DABCO can be attributed to the frequent use of commer-
cially available AEMs such as X37-50 (Sustainion™) and Fumion
(AGC Inc.) in high-performance AEMWEs.

The property requirements of AEMs used for AEMWEs
slightly differ from those in AEMFCs, as shown in Fig. 26b.
For AEMWESs, the average IEC of aryl ether-free PO AEMs is
lower (1.3 mequiv. g ') compared to their use in AEMFCs
(2.5 mequiv. g '). This discrepancy is because commercial
AEMs with relatively low IECs have shown high performance
in the presence of a liquid electrolyte. The AEM thickness for
AEMWEs is about 20 pum thicker than that for AEMFCs,
suggesting that more resistant AEMs are needed for AEMWEs.
This requirement is due to the higher mechanical demands
under AEMWE operating conditions, the need to prevent gas
crossover, and a less strict requirement for low membrane
resistance when liquid electrolyte is present. The operating
temperatures of AEMWEs reported in research papers are
similar to those of AEMFCs (50-90 °C). However, it is important
to note that the operating temperature of AEMWEs in a
commercial unit tends to be at the lower end of this range
for longer-term operations.
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Fig. 26c compares the AEI used in AEMWEs under pure
water and 1 M KOH feed conditions. Under both conditions,
aryl ether-free PAr AEIs were more frequently used than other
types of AEIs. Interestingly, aryl ether PAr AEIs were often used
for 1 M KOH-feed conditions, which could be due to several
reasons. First, adverse phenyl adsorption on the catalyst may be
mitigated under the liquid alkaline solution feed conditions.**°
Secondly, the degradation of AEI is less of a concern with
liquid electrolyte feed. Third, commercially available aryl ether
PAr AEIs are more accessible for catalyst developers. Unlike
AEMFCs, no significant correlation between the reported
AEMWE performance and the types of AEIs used.

Before 2015, several papers reported the performance and
durability of AEMWEs under relatively mild conditions. The
performance reported during this period was poor, yet those
studies provided insights into performance-limiting factors. In
2012, Wang and co-workers reported on the 1 M KOH-fed
AEMWE performance of a commercial A201 AEM (Tokuyama
Corporation), which operated for over 500 hours at 50 °C and a
constant density of 0.2 A ecm >.°®" This work suggested that
AEMWE operations exceeding 500 hours are possible with
alkaline unstable aryl ether-containing ionomer (aminated
Radel®) under KOH-fed conditions. A UV-grafted LDPE-
DABCO-RG-AEM was tested in a 1 wt% K,CO;-fed AEMWE,
yielding less than 0.05 A cm 2 at 1.75 V.>®* However, the
AEMWE cell demonstrated durability for 500 hours at 45 °C
and outlet pressure of 20 bar. Since 2013, the team led by Scott
and Mamlouk at Newcastle University also tested AEMWEs

This journal is © The Royal Society of Chemistry 2024
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containing RG-AEMs.”®*7®® These studies generally involved
RG-AEMs alongside non-RG-ionomers (such as SEBS or PPO-
based ionomers). The best performance reported in 2021 was
0.13 A ecm 2 at 1.75 V with an LDPE-TMA-RG-AEM (IEC =
2.3 mequiv. g7') and a SEBS-based ionomer (IEC =
1.9 mequiv. g~ '); other conditions included a Pt/C cathode,
NiCo,04-based cathode, 0.1 M supporting electrolyte, and test-
ing at 40 °C. Around 0.8 A cm ™ was achieved by 2.0 V. In 2014,
Kim et al. reported more than 2000 hours of long-term perfor-
mance of pure water-fed AEMWEs at 50 °C and 0.2 A cm™>
using aryl ether-free DAPP AEM.®” Although the performance of
the AEMWE was modest (0.2 A cm ™ at 2.2 V), this work was the
first to demonstrate long-term performance with 100 psi differ-
ential pressure. In the same year, Comotti et al. reported
the outstanding PGM-free catalysed AEMWE durability
(1000 hours, voltage degradation rate: ~0.15 mV h™') under
1 wt% K,COj; feed conditions.’” This paper highlighted the
potential for long-term operation using PGM-free Ni/(CeO,-
La,0;)/C HER and CuCoO, anode catalysts. After 2015, more
publications reported aryl ether-free AEPs to enhance the
durability of AEMWEs.”"

We compiled the data from recent papers on AEMWE MEAs
that showed high durability (>100 hours with a low voltage
degradation rate), presented in Table S9 (ESIT) and Fig. 27. The
performance and durability of AEMWEs are strongly influenced
by liquid electrolytes and PGM-free catalysts (Fig. 27a). A 1 M
KOH feed solution significantly enhanced cell performance
with an average current density at 1.8 V for the 1 M KOH-fed

View Article Online
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AEMWEs was 1.2 A cm™?, considerably higher than that for
the pure water-fed AEMWESs (0.75 A cm™2). PGM-free catalysed
AEMWESs achieved a comparable current density (0.72 A cm™?)
under 1 M KOH-fed conditions. However, durability test dura-
tions showed more variation between pure water and 1 M KOH-
fed AEMWEs. The average duration for pure-water-fed AEMWESs
was only 180 hours, whereas 1 M KOH-fed AEMWEs exhibited a
much longer average duration of approximately 1000 hours. Li
and co-workers conducted comparative durability tests of
AEMFC and AEMWE using the same AEM and AEI for each
cell, demonstrating that AEMWE under 1 M KOH feed condi-
tions has significantly better durability than that of AEMFC.>®”
Holdcroft and co-workers investigated the pure water-fed
AEMWEs using polybenzimidazolium-based AEM and AEIs.
They found that a crosslinked derivative of the hexamethyl-p-
terphenyl (HMT-PMBI) membrane, with four times lower volu-
metric swelling, did not enhance voltage stability with pure
water feed, suggesting that excessive swelling of HMT-PMBI
membrane is not the primary cause of performance loss.
However, the hydrophobic and lower water uptake properties
of the benzylated version of the non-crosslinked polybenzimi-
dazolium AEI reduced dimensional swelling, leading to a four-
fold increase in the lifetime of the AEMWE system operating
with pure water. This indicates that the development of
AEIs and catalyst layer is crucial for maximizing AEMWE
lifetimes."®* This result suggests that the dimensional stability
of the state-of-the-art aryl ether-free AEMs is not the primary
factor limiting the durability of AEMWESs. Several AEMWESs
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Fig. 27 Summary of AEMWE durability using aryl ether-free polymers: (a) the AEMWE performance as a function of liquid electrolytes, (b) the

performance and durability of the pure water-fed AEMWEs,
AEMWEs, 310:471,473,478,587,594,597-606
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and (c) the performance and durability of the liquid electrolyte-fed
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with 1 wt% K,CO; or 0.1 M KOH feeding conditions showed
stable operation for over 300 hours, while AEMWEs with 1 M
KOH feed demonstrated more than 1000 hours of stable
operation. These results indicate that a major limiting factor
for AEMWESs with low-concentration KOH feed is not necessa-
rily the alkaline stability of the AEM, but rather issues related to
the AEIL Several potential reasons for this include the accumu-
lation of carbonated species in electrodes from water-feed
AEMWEs, making it challenging to remove all the carbonated
species from pure water and thereby increasing cell resistance
of pure water-fed AEMFCs.**® Another possibility is phenyl
adsorption and subsequent electrochemical oxidation of
AEIs."*? Liquid electrolytes aid in the desorption of phenyl
groups from the electrocatalysts.*® A third possibility is
catalyst reconstruction with the pure water-fed AEMWEs due
to the relatively low local pH environment.*®® Although supply-
ing highly concentrated KOH-supporting electrolytes (>1 M
KOH) raises concerns about AEM and AEI degradation, life-
times exceeding 1000 hours have been demonstrated. None-
theless, more alkaline-stabile AEM and AEI need to be
developed and tested. In this context, alkaline-stable non-
quaternized ion-solvating membranes have been proposed as
an alternative approach.'***%*° Current durability tests gen-
erally lack post-mortem analysis of AEM/AEI components,
which is necessary to understand the degradation mechanisms
of AEPs under the AEMWE’s operating conditions.

Since 2020, there have been notable improvements in pure
water-fed AEMWEs. In 2020, Kim and co-workers reported high
performance of AEMWEs using a high IEC polystyrene
ionomer.”*® The high IEC (3.3 mequiv. g ) increases the local
PH in the electrodes, thereby improving cell performance. The
Ni-Fe anode catalysed AEMWE reached a current density of
2.7 A cm™? at 1.8 V. However, the durability of the cell was
compromised due to excessive water uptake by the AEI, leading
to the loss of catalyst particles from the electrodes. In 2021,
Boettcher et al. reported a durability of 180 hours using a
commercially available aryl ether-free PiperION ionomer.”®
Despite a high voltage degradation rate of 0.67 mV h™', the
cell operated at a reasonably high current density of 0.5 A cm™>.
The same year, a similar durability (170 hours with a voltage
loss rate of 0.7 mV h™") at the constant current density of
0.5 A cm > was reported with a commercial ionomer (Sustai-
nion®).**? In 2022, Mustain and co-workers achieved stable
performance in a polynorbornene-based cell at 1 A cm™> for
500 hours (voltage degradation rate: 93.5 pV h™'). They
hypothesized that performance loss in polynorbornene-based
AEM and AEI for pure water-fed AEMWESs might be due to the
incomplete removal of salt or other impurities when exposed to
KOH solution.>®® Zhuang et al reported a stable AEMWE
performance at a relatively low current density (0.2 A cm™2) at
low cell voltage (0.55 V) using a phosphate buffer solution. They
suggested that the electrocatalysts might be reconstructed at
neutral pH, requiring periodical replenishing of the cell with
KOH and buffer solution to maintain stable performance
at a relatively high operating temperature of 80 °C. The
AEMWE showed high performance (2 A cm 2 at 1.8 V) with
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pure water-fed conditions.’®® More recently in 2023, Kwon and
co-workers reported stable, pure water-fed, PGM-free catalysed
AEMWEs using a commercial AEM (Sustainion®™). The high
performance (current density at 1.8 V = 0.6 A cm™?) and low
current density loss with PGM-free catalysts are encouraging.
The performance and durability of pure water-fed AEMWEsSs are
summarized in Fig. 27b. Notably, all the high-performing pure
water-fed AEMWEs used aryl ether-free AEMs and AEIs, indicat-
ing that aryl ether-containing polymer electrolytes may not be
practical for pure water-fed AEMWEs due to their apparent
instability.

The durability of AEMWEs under 1 wt% K,CO; or 0.1 M
KOH feed conditions have been reported as much superior,
mainly because the electrodes are unaffected by CO, contam-
ination (Fig. 27c). In 2021, Ayers et al. reported 400 hours of
stable operation with near-zero voltage degradation in an
AEMWE using a commercial AEM (Durion®, Xergy) at 0.75 A
cm ™2 under 1 wt% K,CO; feed conditions.’®* This work utilized
a 30 um-thick polyphenylene-based composite membrane in a
28 cm?” cell and demonstrated durability under differential
pressures (60-100 psig). The following year, Kohl and co-
workers demonstrated 600 hours of durability under 0.1 M
NaOH feed condition. They used a 30 pm-thick polynorbornene
composite AEM and Ni-Fe anode catalysts for the MEA and
demonstrated improved performance after the durability test at
the current density of 1 A cm™>. In the same year, Choi and co-
workers reported 3000 hours of durability for a PGM-free
anode-catalysed AEMWE operating at 0.5 A cm ™~ under 0.1 M
KOH conditions, with a voltage degradation rate of only
11.3 uv h™'. These reports attest that 1 wt% K,CO; or dilute
alkali metal solution feed is sufficient for the long-duration
operation of AEMWEs.

Using higher concentration KOH further improves AEMWE
performance (Fig. 27c). The first demonstration of high dur-
ability in 1 M KOH-fed PGM-free catalysed AEMWEs was
reported by Masel and co-workers in 2018. They successfully
operated AEMWESs using a commercially available AEM (Sus-
tainion®) at a high current density (1 A ecm~2) and 60 °C for
2000 hours, with a voltage degradation rate of only 5 uv h~.*"*
In 2019, Holdcroft et al. reported stable performance for
150 hours in 1 M KOH-fed AEMWEs. The Ni alloy-based,
PGM-free electrodes showed high performance and durability
at a high current density (1 A ecm™?).°°° In 2021, Meroueh et al.
used the same membrane and extended the duration to
12000 hours with a voltage degradation rate of 1 uv h~*.°%
Arico and co-workers reported high durability of 2000 hours
using another commercially available membrane (FAA-3-50,
Fumasep™) during start-stop cycles. Despite some recoverable
performance loss during the test, a very small unrecoverable
loss was observed at the end of the durability test.®** In 2023,
Wang and co-workers reported high-performance PGM-free
AEMWESs using a commercial AEM (Sustainion®™). The current
density of the cell reached 1.56 A cm™* at 80 °C with stable
performance at 0.5 A cm™> for 100 hours.®” In 2023, two
notable results were published using non-commercial AEMs.
Xu and co-workers reported high-performance AEMWEs

This journal is © The Royal Society of Chemistry 2024
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(5.3 A cm™? at 1.8 V) with stable performance for 3000 hours.
They used phenyl-piperidinium AEM having relatively high IEC
(2.5 mequiv. g ') with crosslinking to reduce the water uptake
of the AEM."”® Zhang and co-workers used a poly(biphenyl
alkylene) membrane to demonstrate 3500 hours of stability at
1 A cm > where the AEMWE cell showed a very low voltage
degradation rate (6.5 pvV h™").°** Also in 2023, Holdcroft et al.
reported approximately 5000 hours of operation of an MEA
using a polyimidazolium-based commercial AEM (Aemion+®),
Nafion™ binder, and PGM-based catalysts at a current density
of 0.6 A cm 2 and with a low H, crossover less than 0.4%.*”3
The voltage degradation rate over the long-term test was
13 uv h™". This study suggests that future research should
focus on developing active and stable materials for catalysts,
catalyst layers, and the integration of catalyst layers into MEAs,
particularly as the anode components are highly susceptible to
oxidative conditions. Also, more recent results by Peng et al.®*
and Lee et al.®*® demonstrated a relatively low degradation rate
(5-50 uv h™') of 1 M KOH-fed AEMWEs employing aryl ether-
free AEMs at 1.5 and 2 A cm ™2, achieving a practical level of
hydrogen generation.

Although the MEAs using currently available AEMs and AEIs
have shown promising performance and durability, there are
several technical challenges related to polymer electrolytes that
must be addressed to enable the practical adoption of this
technology for hydrogen production. Firstly, the demonstration
of the long-term performance of liquid electrolyte-fed AEMWESs
at temperatures above 60 °C is rare. While some ex situ tests
claim that certain aryl ether-free AEMs and AEIs are stable for
over 1000 hours at 80 °C or higher, proving this durability at
elevated operating temperatures in practical settings is a task
that may be achievable in the coming years. Secondly, stable
long-term performance (exceeding 1000 hours) of pure water-
fed AEMWEs needs to be demonstrated. This challenge is more
daunting, as the performance degradation mechanism in pure
water-fed AEMWEs is not well understood. Nonetheless,
demonstrating high durability in pure water-fed systems is
critical for commercialization. Thirdly, the capability of
AEMWEs to operate under differential pressure conditions
should be established. While current demonstrations focus
on performance and durability, the ability to operate effectively
under varying pressure conditions, ranging from 5 to 100 bar, is
essential for practical application. This requires careful con-
sideration of mechanical properties and AEM thickness. Lastly,
achieving higher current densities, ideally up to 2 A cm ™2, is
desirable to increase the hydrogen production rate. Operating
at such high current densities may lead to accelerated compo-
nent degradation and performance decline due to extensive gas
bubble formation. In particular, the electrochemical oxidation
of ionomers and the dissolution of PGM-free catalysts at high
anode potentials are major concerns.

6.3. Redox flow batteries

AEMs are being explored in a variety of flow batteries, such as
zinc-bromine,*®®  zinc/cerium,®®® various types of aqueous

organic,”’®1°! and non-aqueous organic RFB,**>°'® but

This journal is © The Royal Society of Chemistry 2024
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the all-vanadium RFB is the most extensively investigated type.
Although Hwang and Ohya explored a vanadium RFB using an
AEM as early as 1997,°" it was not until a decade later other
researchers began to follow suit. Still, fewer than 20 articles per
year are reporting new AEMs for use in RFBs (Fig. 28a). It is
noteworthy that AEMs have been shown to be more efficient
than PEMs at blocking vanadium cations. Among the commer-
cial membranes in the vanadium RFB field, Fumatech’s Fuma-
sep FAP-450, an AEM, is recognized as one of the standard
options, alongside Nafion™.

A primary motivation for using AEMs in vanadium RFBs is to
enhance the CE, which is significantly influenced by the
membrane’s permeability to vanadium ions. Nafion mem-
branes, commonly used in vanadium RFBs, are cation exchange
membranes that readily transport vanadium ions, resulting in
lower CE (Fig. 28b). The positively charged cation headgroups
in AEMs effectively hinder the transport of vanadium cations.
This is supported by general trends; the average CE of cells with
Nafion™ membrane is 93.1 &+ 4.3% compared to 97.5 & 2.2% of
cells with AEMs. However, vanadium electrolyte solutions
typically contain 2-3 M sulphuric acid and about 1.5 M vana-
dium sulphate. The high ionic strength of these electrolytes
reduces the effectiveness of Donnan exclusion.’*®*® Mem-
branes with an open morphology with large hydrophilic
domains, as in Nafion™ or other highly swollen membranes,
tend to facilitate the transfer of co-ions. In this context, the
typically lower degree of phase separation in AEMs is beneficial.
Additionally, reduced access of highly oxidative VO," ions to the
polymer chains in AEMs enhances their chemical resistance
and, consequently, the lifetime of the polymers in vanadium
RFBs.%’

Although most AEMs exhibit lower conductivity compared to
a commercial CEM like Nafion™, it suggests that AEMs have
higher resistance, which could potentially lead to a lower VE.
However, optimized AEMs are better at blocking the crossover
of vanadium ions than Nafion™, which allows for the use of
thinner membranes to retain VE. Consequently, because EE is
the product of CE and VE, the average EE of the cells, as
compared in Fig. 28, is 81.0 + 5.6% for those using AEMs
and 78.8 £ 4.6% for cells using Nafion™.

In vanadium RFBs, the capacity loss due to the crossover of
vanadium ions can be recovered by mixing the discharged
electrolytes, making EE a crucial parameter. Among the over
70 membranes shown in Fig. 28a, the highest EE was achieved
with PBI-based membranes. Du et al. developed a PBI-based
AEM by reacting a PBI with glycidyl trimethylammonium
chloride.®®” An even slightly higher EE was obtained by cells
featuring a thin (1-2 pum) PBI layer to block vanadium cross-
over, supported by a porous or highly swollen gel-type PBI
layer.®**®® The superior performance of PBI-based cells can
be attributed to the acid-doped PBI carrying charges directly on
the polymer backbone, which inhibits phase separation. The
narrow spacing between the PBI chains limits the transport of
vanadium ions through size exclusion, in addition to electro-
static repulsion. The inclusion of quaternary ammonium side
chains, as demonstrated by Du et al., results in a more open
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membrane morphology, leading to an increase in VE and a
decrease in CE.

Comparing published membrane conductivities can be mis-
leading. For instance, the AEM with the highest EE in Fig. 28
has a conductivity of only 9.7 mS cm™,°*” yet achieved a VE of
92%. In contrast, a poly(ether ether ketone) (PEEK)-based
AEM developed by Yang et al. had a higher conductivity of
65 mS cm ™}, but a lower VE of 86%, and an EE of 85%.%% Since
membrane thickness is optimized to balance VE and CE, the
vanadium RFB community often focuses more on area-specific
resistance (ASR, Q cm?) as a key parameter. Other complicating
factors include variation in sulphuric acid electrolyte concen-
tration across studies and a significant increase in ASR when
transitioning membranes from sulphuric acid solution to
vanadium-containing electrolyte. In some cases, membrane A
may exhibit a lower ASR in sulphuric acid than membrane B,
but the reverse order is observed in vanadium electrolytes.®*"
Comparing VE values achieved with different membranes could
be a potential solution, but VE is also heavily influenced by cell
resistance and electrode activity. This is evident when compar-
ing performances obtained with the Fumasep FAP-450
membrane, where VE ranges from 74.2% to 84.6%. A plot of
VE values against IEC yields scattered results, suggesting a
potential positive correlation between VE and IEC. Considering

5756 | Chem. Soc. Rev,, 2024, 53, 5704-5780

the variation in VE values for Fumasep FAP-450, the scattering
is within a reasonable range.

Similar to the alkaline degradation of AEM backbones, it
has been suggested that aromatic ether bonds are also
susceptible to reaction with VO," ions, leading to chain scission
and membrane failure due to embrittlement. Therefore, AEMs
based on newer chemistries that avoid aromatic ether bonds,
such as polyphenylene-based AEMs,*78628:631,637,642  apq

polybenzimidazolium-based AEMs, show promise.®**%**

6.4. High-temperature PEMFCs

AEMs when paired with PA, play a crucial role in ion-pair HT-
PEMFCs. To facilitate proton conduction under high tempera-
ture and anhydrous conditions, AEMs are doped with PA
through the conventional imbibing process, resulting in the
formation of PA-doped ion-pair membranes. There are distinct
differences between ion-pair systems and conventional HT-
PEMFCs based on PA-doped PBI. In PA-doped PBI systems, a
proton of PA is transferred to benzimidazole, producing proto-
nated benzimidazole, known as benzimidazolium. Conversely,
ion-pair systems involve the abstraction of a proton from PA
through interaction with a hydroxide anion, forming a qua-
ternary ammonium-biphosphate anion interaction. The inter-
action, with a strength of approximately 110 kcal mol ',

This journal is © The Royal Society of Chemistry 2024
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significantly exceeds that between benzimidazole and PA,
which is around 15 kcal mol™".” Due to this robust ion-pair
interaction, ion-pair systems can achieve a greater doping level
of acid at a given number of base sites. Initially developed
methylated benzimidazole membranes were mechanically
unstable and could only be utilized effectively through blending
with a PBI membrane.®*®> The first ion-pair system without
blending was demonstrated with BTMA-functionalized DAPP
AEM in 2016.” Other approaches to form ion-pair structure
include using quaternary ammonium-modified polymers with
intrinsic microporosity (PIM)***®*” and incorporating ionic
liquid moieties.®*®*"*> The ion-pair approaches prove beneficial
for the stable operation of HT-PEMFCs, as they considerably
reduce the risk of leaching out PA.”

The number of publications for ion-pair HT-PEMFCs has
increased since 2016 (Fig. 29a). Table S11 (ESIt) summarizes
the performance and durability of MEAs in ion-pair HT-
PEMFCs. The most prevalent polymer backbones for ion-pair
membranes are aryl ether-free PAr and PBI, each constituting
45% of the total, while aryl ether PAr AEMs make up the
remaining 10% (Fig. 29b). No polyolefinic AEMs have been
reported yet, likely due to their lower thermal stability. Various
cationic headgroups including alkyl-A, BTMA, imidazolium,
piperidinium, and pyrrolidinium were used. Unlike in AEMWE
and AEMFC applications, the alkaline stability of the cations is
not a primary requirement as HT-PEMFCs operate under low
pH conditions. Fig. 29¢ shows the PPDs of ion-pair HT-PEMFCs
as a function of operating temperatures. Most PPDs were
reported at 120, 160, and 200 °C under H,/O, and H,/air
conditions. The range of PPDs at a given operating temperature
is relatively broad (0.5 to 1 W cm™2), as performance depends

(b)
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on several factors, including electrodes and other operating
conditions such as reactant flow rate and back-pressure.

Fig. 29d summarizes the performance and durability of ion-
pair HT-PEMFCs. In 2016, Kim and co-workers introduced the
term ‘ion-pair HT-PEMFCs’. They utilized a BTMA functiona-
lized DAPP membrane and achieved the PPD of 0.75 W cm ™ > at
160 °C under H,/O, conditions.” They demonstrated that ion-
pair HT-PEMFCs can operate stably under dynamic operating
temperature conditions with a water vapour pressure (Py,o)
of 9.7 kPa and showcased 500 hours long-term durability at
120 °C and 0.4 V, with minimal current degradation rate
(0.33 mA cm® h™"). In 2020, Li et al reported a slightly
improved performance of ion-pair HT-PEMFCs over PBI-HT-
PEMFCs.'°® However, rapid degradation occurred within
30 hours at 160 °C and 0.2 A cm ™2, indicating the instability
of aryl ether-containing polysulfone in HT-PEMFC applications.
In the same year, Wang and co-workers introduced a polyben-
zimidazolium membrane for ion-pair MEAs.®*® The fuel cell
displayed moderate (PPD;gp:c = 0.64 W cm~? under H,/O,
conditions) and showed no degradation during 390 hours of
operation at 160 °C. In 2021, a study using a similar polybenzi-
midazolium membrane demonstrated high PA retention of the
membrane at 80 °C and 40% RH, with negligible degradation
over 200 hours under anhydrous conditions at 160 °C.**° Kim
and colleagues reported improved ion-pair MEA performance
(PPDygo:c = 1.2 W em™ > under H,/O, conditions) in the same
year, achieved with a PA-functionalized ionomer instead of a
PTFE binder.®®® The performance reached 240 °C where PPD
reached 1.75 W ecm ™2, and the cell operated stably at a constant
current density of 0.6 A cm ™2 over 500 hours at 160 °C with a
voltage degradation rate of 0.35 mV h™". The same group also
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reported the highest cell performance of the HTMA-DAPP-
biphosphate ion-pair PEM and protonated PA-functionalized
ionomer (PPD;go-c = 1.7 and 0.78 W cm™ > under H,/O, and
H,/air conditions, respectively) with stable operation at 160 °C
and 0.6 A cm > for 2500 hours.’ In 2020, Arges et al. demon-
strated stable ion-pair MEA performance in the presence of
25% CO at 220 °C.%*” This study was significant for illustrating
practical high-temperature operation, which aids in increasing
the operating temperatures of electrochemical hydrogen
pumps that have high CO concentrations.®®® In 2023, Sun
and co-workers demonstrated stable fuel cell performance
using phenyl-piperidinium-based AEM at 120 °C for 1000 hours.
They obtained high fuel cell performance at 120 °C (PPD54:c =
1.5 W ecm ™2, 80 kPa), suggesting that phenyl-piperidinium AEM
are promising for highly performing ion-pair HT-PEMFCs."®°

6.5. CO, and CO electrolysers

AEPs are extensively used in CO, and CO electrolysers. The
primary challenge in CO, electrolysis lies in achieving efficiency
and selectivity of the CO, reduction reaction (CO,RR). Conse-
quently, the bulk of research has centred on the CO,RR activity
of various electrocatalysts under different system conditions,
leading to the identification of some highly active electrocata-
lysts for CO, electrolysers in flow cells or MEA designs. Prior to
2017, the literature on CO, electrolysers using AEMs was sparse
(Fig. 30a). However, post-2019, the literature on CO, and CO
electrolyser performance has increased, with at least ten arti-
cles per year, and the trend is upward. A significant advantage
of AEM-based CO, electrolysers is their high CO,RR activity
under near-neutral conditions. By contrast, in CEM-based CO,
electrolysers, CO, quickly transforms into (bi)carbonate, lead-
ing to carbonate salt build-up in the cathode flow field and
within gas diffusion electrodes. This hampers CO, access to the
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catalyst, leading to increased hydrogen faradaic efficiencies.®®®
To counteract this issue in AEM-based CO, electrolysers, the
approach using BPMs was demonstrated; BPM-based CO,
electrolysers can reconvert any formed (bi)carbonates back to
CO, by supporting protons to the cathode chamber. The
reversed-bias BPM technique has been employed in various
studies to enhance CO, utilization in CO, electrolysis
systems.®®*°%” About 62% of the articles on CO, and CO
electrolysers involve AEMs, while 13% and 25% utilize BPMs
and CEMs, respectively (Fig. 30b). It is noteworthy that most
AEMs used for CO, electrolysers are commercially available,
indicating that CO, electrolyser research is more on the CO,RR
and device performance than on specific AEMs tailored for
these devices (Table S12, ESIt).

Several studies have examined the role of AEMs and AEIs in
CO, electrolysers’ performance. Masel and co-workers observed
that CO, electrolysers utilizing four acidic membranes-
Nafion™, CMI-7001, SPEEK, and PA-doped PBI exhibited rela-
tively low CO production rates compared to hydrogen evolu-
tion. Among AEM-based CO, electrolysers, those with
imidazolium functionalized polymers demonstrated the high-
est CO selectivity.®®® Schmidt et al used various polymeric
membranes and ionomer combinations, concluding that bal-
ancing CO,RR and HER demands an alkaline environment at
the cathode to achieve high CO,RR selectivity. However, fully
alkaline cells showed increased CO, migration from the cath-
ode to the anode. They suggested that a BPM system with an
acidic membrane and an AEI-bonded cathode catalyst could
address this issue effectively.®®® Rabinowitz and Kanan noted
that the formation of carbonates not only impacts the energy
balance by consuming hydroxide ions but also reduces the
efficiency of oxygen evolution by lowering pH at the anode.®”®
To address this issue, forward bias BPMs can be employed to
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Fig. 30 Summary of performance and durability of CO, and CO electrolysers. (a) The number of publications of CO, and CO electrolysers over the last
seven years, (b) membrane types that was used for the CO, and CO electrolysers, (c) AEMs used for CO, and CO electrolysers, (d) supporting electrolyte
that was used for the AEM-based CO, and CO electrolysers, (e) the current density of CO, and CO electrolysers, and (f) durability of CO, and CO

electrolysers.
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consume carbonate anions at the BPM interface. However, it is
important to note that using BPMs introduces an additional
overpotential for water dissociation. Janaky and co-workers
underscored the importance of thin membranes in enhancing
CO-forming capability by comparing the performance of cells
with a thin membrane (PiperION, 15 um thick) versus thicker
ones (e.g.,, Sustainion®, 50-70 um thick). The PiperlON
membrane, with its low resistance (0.36 Q cm?), facilitated a
high CO formation current density of 630 mA cm™ > in their
zero-gap electrolyser.””* Jiao and co-workers explored the
impact of AEMs’ alcohol permeation rate on the carboxylate
production rates in CO electrolysers. They reported that mem-
branes with higher diffusion rates for the products increased
the molar production ratio towards carboxylates and the target
product concentration.®”? Ju et al. investigated the influence of
different ionomers on the cathode performance of CO, electro-
lysers, concluding that a balance of anionic conductivity and
hydrophobicity is crucial for high CO faradaic efficiency.®”
Broekmann and co-workers compared the ionomer perfor-
mance between Nafion™ (cationic) and Femion (anionic),
emphasizing that electrolyte management - particularly pre-
venting K,CO3;/KHCO; precipitate formation - is more critical
than ionomer hydrophobicity.®”* Seger et al. investigated the
effect of cationic groups on CO selectivity.>”* They found that
AEMs, while not directly affecting catalytic activity, create a
local environment around the cathode catalyst layers through
water management. The benzyl-N-methylpiperidinium-head
group of RG-AEMs yielded the highest CO selectivity (>80%)
compared to TMA or benzyl-N-methylpyrrolidinium head
groups, thanks to improved water and ionic transport. The
same research groups also demonstrated that minor variations
in synthetic conditions of RG-AEMs can result in spectroscopi-
cally identical AEMs with markedly different hydration proper-
ties and CO,RR performance.*"?

In AEM-based CO, and CO electrolysers, supporting electro-
lytes are commonly used alongside ionomers to suppress HER
and enhance the CO,RR at the cathode and OER at the anode.
The most frequently used supporting electrolytes include KOH
and KHCOg; (Fig. 30c), with CsHCO; also being a popular choice
due to its effectiveness in mitigating salt deposition caused by
salt crossover to the cathode.®””>®”® The supporting electrolytes
significantly influenced the faradaic selectivity of CO,RR pro-
ducts. For instance, Hori et al. demonstrated that the formation
of CH, via CO,RR electrocatalysts is favoured in environments
with high concentrations of bicarbonate, a phenomenon
attributed to variations in the buffer capacity of different
electrolytes.®”” In contrast, C2 products are more prevalent in
dilute KHCO; solutions. While achieving high faradaic CO,RR
efficiency alongside low OER overpotentials remains a chal-
lenge, several studies have reported CO, electrolyser systems
that operate without supporting electrolytes.®”®*5! The primary
rationale behind these ionomer-only electrolyte systems is to
avoid the inevitable formation of salts associated with support-
ing electrolytes, which can diminish the stability and efficiency
of the overall system.®®” The choice of electrocatalysts plays a
critical role in determining the CO,RR products. For example,
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Au and Ag catalysts exhibit high faradaic efficiency for CO
production, accounting for nearly 50% of the AEM-based CO,
electrolysers’ output (Fig. 30d). In contrast, catalysts based on
Pb, Sn, and Pd favour the production of formic acid, while Cu-
based catalysts are known for generating CH,, C,H,, and
various alcohols.®®’

The reported performance of AEM-based CO, and CO elec-
trolysers typically involves lower current density compared to
water electrolysers (Fig. 30e). The most frequently observed
current density is 200-299 mA cm >, accounting for 35% of
reports, closely followed by 100-199 mA cm 2, which represents
29% of cases. Notably, only 10% of the reports indicate current
density exceeding 500 mA cm ™2, In 2018, Jiao and co-workers
demonstrated a Cu-catalysed and Fumatech AEM-incorporated
CO electrolyser, achieving C,. faradaic efficiency of 91% with
C,. partial current density over 630 mA cm ™2 by optimizing the
triple-phase boundary at the electrode-electrolyte interface. In
2019, Strasser et al. showcased a Ni-N-C catalysed CO, electro-
lyser capable of operating up to 700 mA cm™>.°®* However, it
was observed that the maximum faradaic efficiency (90%) of
the Selemion AEM incorporated electrolyser was achieved in
the 100 and 200 mA cm ™~ range. Beyond this, an increase in
current density led to a gradual decrease in CO efficiency. Later,
The same research group reported CO, electrolysers capable of
operating at up to 700 mA cm >, achieving a remarkable C,,
energy efficiency of 100% using a coupled tandem electrolyser
approach.®® Additionally, piperidinium-based AEM-based CO,
electrolysers have demonstrated the capability to operate effi-
ciently at high current density, such as 500 mA cm™2,°7":6%¢

A significant challenge in CO, electrolysers is their limited
durability. Notably, nearly half of the relevant studies did not
report on the longevity of the electrolysers. Merely 7% of
the publications document a lifespan exceeding 200 hours
(Fig. 30f). The primary reason for the low stability is the salt
accumulation and consequent clogging of flow channels. Addi-
tionally, the high operating cell voltage of CO, electrolysers,
around 3.0 V, can potentially lead to the electrochemical
oxidation of AEMs. In 2017, Masel and co-workers
reported exceptional durability in CO, electrolysers, ranging
from 550 to 4380 hours.®®*®”® These highly durable cells
were operated under deionized water or 0.01 M KHCO3;, condi-
tions that are near neutral. The environment allowed the
methylimidazolium-based polymers to operate for extended
periods without degradation from hydroxide attack. Another
noteworthy instance of durability in a CO, electrolyser was
achieved using a toluene-functionalized Cu catalyst. Zheng
et al. observed that while a pristine Cu catalyst failed to
maintain a stable voltage beyond 50 hours of electrolysis, a
toluene-modified Cu catalyst exhibited remarkable stability for
over 400 hours. This stability was coupled with an ethylene
faradaic efficiency of 50% by supplying 0.1 M KHCO;.%%”

6.6. Other applications

DAC or CO, separation from coal-fired power plants, is pivotal
in decarbonizing the economy. Current DAC methods primarily
utilize amine solution-based or solid adsorbents. However,
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materials based on quaternary ammonium offer distinct advan-
tages over these amine-based techniques. Employing a
moisture-swing process driven by water evaporation energy,
quaternary ammonium materials can efficiently capture atmo-
spheric CO,. This process involves sorption in low-humidity
conditions and desorption when humidity increases, operating
without external heat input. The DAC efficiency with these
materials can reach 100% in dry conditions, exceeding
amine-based counterparts.®®*®°*® yan et al. demonstrated an
electrochemically driven CO, separator utilizing a hydrogen-
powered cell with an anion-conducting membrane.®®® In their
configuration, the cathode facilitates the ORR, generating
hydroxide ions that remove CO, from air by forming carbo-
nates. Meanwhile, at the anode, the HOR generates protons,
establishing a low pH environment. The formed carbonates at
the cathode migrate to the anode via the membrane, where they
convert into bicarbonates and eventually CO, due to the pH
gradient. The shorted membrane was prepared by blending a
phenyl piperidinium AEP with electronically conductive carbon
additives, enabling electron transport through the membrane
and facilitating a compact and high-performance module.
Through optimization, the shorted membrane cell demon-
strated >99% CO, removal from 2000 sccm air over a contin-
uous operation period of 450 hours. Simari and co-workers
utilized a quaternary ammonium-functionalized polyepichloro-
hydrin membrane for CO, sorption, demonstrating superior
capture efficiency under simulated flue gas conditions and
effective regeneration with minimal energy consumption in
mild N, environments.®** Singh and co-workers developed an
integrated system, combining electrochemical CO, capture
from flue gas and its reduction to value-added products and
fuels, using an AEM.®** Their approach involved capturing CO,
in an organic liquid (KOH-saturated ethylene glycol, and cho-
line hydroxide) and transporting HCO;™ across an AEM. A
successful and continuous integration of migration-assisted
moisture gradient CO, capture and electrochemical CO,
reduction was demonstrated. In a recent study, Freeman et al.
investigated DAC using the Fumasep FAA-3 membrane, and a
reactive transport model suggested that carbon support rates in
AEMs are primarily limited by moisture-swing reaction
kinetics.®>® They concluded that polymer design optimization
could enhance the moisture-swing effect, or coupling moisture
gradient with electrochemical force could lead to more energy-
efficient and rapid CO, separation.

Aryl ether-free AEMs are increasingly utilized in diffusion
dialysis for acid recovery. These AEMs reject most cations
through electrostatic repulsion and offer significant advantages
over aryl ether-containing polymers®®*®®> and polyolefinic
AEMs.*°*% Such benefits include lower swelling, higher selec-
tivity, and higher chemical stability."®>***7°° The superior
membrane properties of aryl ether-free polyaromatics allow
for higher IEC, ranging from 2.0-2.8 mequiv. g~ ', compared
to those of other types of AEMs (0.8-2.0 mequiv. g~ '), resulting
in better performance in acid recovery applications.

In research focusing on the selective removal of heavy metal
ions”®*7°* or minerals,”®>7** AEPs are employed in processes

5760 | Chem. Soc. Rev.,, 2024, 53, 5704-5780

View Article Online

Review Article

like MCDI or adsorption. In the MCDI process, the membrane
traps co-ions into intraparticle pores, enhancing the accumula-
tion of counterions in macropores. The application of an
inverted voltage upon discharging, facilitated by ion-exchange
membranes, prevents the re-adsorption of desorbed ions on the
counter electrode, thereby increasing electrode regeneration
efficiency. While commercial polyolefinic AEPs are commonly
used in this context, less focus has been placed on AEP
materials due to the strong dependence of cell performance
on cell configuration and adsorbing materials.”**”** Nonethe-
less, the importance of AEP properties such as IEC has been
increasingly recognized as key parameters for the device
performance.”**

7. Perspective and outlook

This review presents a comprehensive overview of the chemical
stability of AEPs and the various synthetic approaches to
polyaromatic and vinyl-derived AEPs, charting the evolution
of these chemistries to improve performance, chemical stabi-
lity, and durability. The merits and weaknesses of each method
to prepare aryl ether-free polymer electrolytes are summarized
in Table 4. Additionally, this review explores the scale-up of
AEPs and AEMs for prospective applications in the market. The
final section discusses the performance of these devices in
mainstream applications, including fuel cells, electrolysers,
and flow batteries.

The last fifteen years have witnessed a resurgent interest in
AEPs for a variety of applications beyond the core AEMFC
application, which still accounts for the largest share of
research papers. Over the last five years, research on AEMWE
and CO, electrolysis has proportionately increased compared to
other applications like ED, RED, and RFB, in part due to new
opportunities and directed funding in these areas. The
intended applications for AEPs span a broad range of environ-
mental conditions under which they must operate stably. The
structures of AEPs, in general, need to be specifically tailored to
meet the requirements in which they operate. Fig. 3 sum-
marizes the environmental regimes under which AEP applica-
tions operate.

In most applications, AEPs are in the form of AEMs, whose
function is to maintain separation between reactants while
allowing trans-membrane selective ion transport. Conse-
quently, mechanical properties must be robust enough to
maintain this separation boundary over a long period under
specific environmental operating conditions. AEMs operating
in entirely liquid environments include RO, RFB, ED, and
MCDI. Since AEMs carry various amounts of fixed ionic charge,
they are prone to liquid uptake, enhancing ion conductivity but
becoming detrimental in excess. This often correlates with
dimensional swelling, which weakens the mechanical strength
and leads to AEM rupture, wrinkling, and defects at contact
points. However, liquid uptake and dimensional swelling
effects can be decoupled to some extent by various strategies,
such as non-swelling mechanical supports, dipolar chain

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cs00186e

Open Access Article. Published on 26 April 2024. Downloaded on 3/7/2026 5:33:40 AM.

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

(cc)

Review Article

View Article Online

Chem Soc Rev

Table 4 Summary of the synthetic methods to prepare aryl ether-free polymer electrolytes

AEP synthesis method Merits

Weaknesses

Chemistry of polyaromatics
Acid-catalysed polyhydroxyalkylation
polymerization

High tolerance of the acid catalyst towards

functional monomers
Various choices of monomers for
polymerization

Metal-promoted coupling reaction

Ionenes including poly-
benzimidazoliums and
polyimidazoliums

in the backbone

Diels-Alder polymerization
processability
High gas permeability due to the
backbone structure

Chemistry of vinyl polymers
Addition polymerization
and block copolymers

Fully saturated backbones at the polymeriza-

tion stage
Ring opening metathesis

polymerization cations

Radiation grafting method

Anionic polymerization
molecular weight distribution

interactions, hydrogen bonding, and branched or crosslinked
polymer chain architecture.

In addition to the AEM applications, aryl-ether free AEPs
have potential uses in creating high-performance and durable
BPMs suitable for a range of electrochemical processes. These
processes include nitrate reduction, CO, reduction, water elec-
trolysers, and ionic separations like MCDI and ED.

AEP processability is crucial since the majority of AEMs are
fabricated through solution casting followed by solvent eva-
poration. Crosslinking is necessarily done after the casting
step, either in the presence of the casting solvent or in the
dry state. AEPs containing a high proportion of rigid structural
units, polar groups, or hydrogen bonding sites may require
higher-boiling solvents for viable casting solutions, posing
challenges for complete solvent removal during membrane
formation. In the case of branched chain architecture, introdu-
cing free volume and increased chain entanglement is limited
to low degrees of branching before gel formation occurs.

AEMs operating in more complex mixed-phase gas-liquid
environments include AEMFC, AEMWE, and CO, electrolysers,
where electrocatalytic reactions occur on the membrane sur-
face. This leads to potentially more reactive species, such as
free radicals and nascent hydrogen and oxygen, imposing a
more demanding chemical degradative stress on the AEPs. AEIs
are used in these applications where catalysts are employed,
serving multiple functions critical to the performance and

This journal is © The Royal Society of Chemistry 2024

All phenylene backbone with high

High functional group tolerance including

AEM with complex nano-morphology
Synthesis of high-performing particulate AEI

Well-defined block composition and narrow

One-pot, low to room temperature, metal-free Limited choice of reactors for a large-scale reaction due to

the high acidity of the catalyst

Limited choice of monomers for high molecular weight
growth

Requirement of a stoichiometric amount of the Ni catalyst
or the use of an expensive Pd catalyst

Incorporation of highly alkaline stable groups High water uptake and even water solubility

Difficulty in forming free-standing film and requirement of
post-modification strategies

Require high molecular weight to achieve good mechanical
properties

bulky

Various polymer structures including random Limited choice of monomers

Questionable radical stability
The requirement of an expensive Ru catalyst

The requirement of a two-step process to achieve a fully
saturated backbone

Limited choice of monomers for radical grafting

The requirement of access to high-energy radiation
facilities

Difficult to control IEC precisely

Requirement of strict inert atmosphere and purity of
monomers and solvents

Limited choice of monomers for polymerization
Requirement of post-functionalization

durability of AEMFCs and other electrochemical devices.
Firstly, they act as polymeric binders surrounding catalyst
particles, requiring material compatibility with the AEM to
avoid the delamination issue encountered in earlier work on
PEMFC counterparts. Fortunately, much research and some
commercially available AEIs have better compatibility with
AEMs, being non-fluorinated. Secondly, unlike AEMs where
low gas permeability is desired to prevent hydrogen crossover,
AEIs should have high gas permeability. This is crucial, espe-
cially in AEMFCs during the hydrogen oxidation reaction at the
cathode, where hydrogen permeation is limited by cationic
group adsorption. Thirdly, AEIs function as a boundary phase,
where gas, water, electron, and ion transport occur simulta-
neously. IEC values between AEM and AEI can be substantially
different, and AEIs are typically dispersed in low-boiling sol-
vents and mixed with catalysts to form inks. Some interesting
characteristics, such as high gas permeability and low voltage
degradation rates, have been observed for AEI particulates
suspended in a solvent, providing new research opportunities
for exploring high free-volume particulates as AEIs.

The chemical stability of AEPs under various application
operating conditions is a critical requirement to ensure dur-
ability for commercial viability. Fig. 3 illustrates the typical pH
and potential ranges of various electrochemical devices utiliz-
ing AEPs. AEM applications that do not employ catalysts, such
as RO, ED, RED, and MCDI, operate in environments composed
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of multivalent metal cations, requiring chemical stability typi-
cally within a pH range of 4-13. On the other hand, various fuel
cell and electrolyser AEM applications employing catalysts,
namely AEMFC, AEMWE, and CO, capture/electrolyser, have
more stringent operating environments with pH levels exceed-
ing 13, demanding high AEP chemical stability. Furthermore,
high electrochemical stability at >2 V is required for AEMWE
and CO, electrolysers. Further research regarding the electro-
chemical stability of the fragments of AEPs under various
electrode potentials and operating conditions needs to be
explored."® In addition to strongly basic environments, AEMs
are also used in strongly acidic environments. HT-PEMFC
applications operate in a pH range of 1-3 at elevated tempera-
tures of 100-200 °C, while RFB applications operate at a pH
below 1.

Many of the earlier AEPs were based on the chloromethyla-
tion-quaternization structural modification of readily available
hydrocarbon polymers, such as polystyrene, polysulfone, or
PPO, due to their accessibility through a relatively simple
process. While these AEPs may be appropriate for use in
applications in less aggressive environments (e.g., ED), they
are less suited to more stringent fuel cell and electrolyser
application conditions where high pH and electrocatalytic
oxygen radicals occur. Aryl ether-containing AEPs are known
to undergo degradation in high-pH environments.

Beyond the polymer backbone, the stability of the
cation headgroup must be considered, along with its relation-
ship and proximity to the backbone, and its accessibility to
hydroxide ion nucleophilic attack, as degradation relations do
not necessarily occur in isolation between backbone and head-
group. In terms of oxidative stability, AEPs with high electron
density are more susceptible to radical-induced oxidation,
while those with electron-withdrawing groups have high elec-
trophilic character and remain more stable toward oxygen
radical attack.

In the last decade, aryl ether-free AEPs have become well-
established, representing major progress in the wider field.
Notable classes of these AEPs are based on hindered
poly(benzimidazolium), polyphenylene, polynorbornene, and
terphenyl piperidinium, which have considerably higher oxida-
tive stability than aryl ether-containing polymers and are thus
better suited for fuel cell and electrolyser applications. Higher
oxidative stability is particularly required for electrolysers due
to the higher electrode potentials in the devices, as degradation
pathways are dependent upon operating conditions.

As noted earlier, the nature of degradation by hydroxide ion
(alkaline, nucleophilic) and hydroxyl radical (oxidative, electro-
philic) is different, highlighting the need to design AEPs with
balanced chemical stability for each specific electrochemical
device and operating condition. Contemporary research is
primarily focused on these four classes of AEMs for fuel cell
and electrolyser applications, with the outlook anticipating
further tuning of specific properties tailored to individual
application operating environments. Properties such as ion
conductivity and mechanical strength are influenced by IEC,
water uptake and dimensional swelling, polymer chain

5762 | Chem. Soc. Rev,, 2024, 53, 5704-5780

View Article Online

Review Article

architecture, crosslinking, chain interactions, type of cation
headgroup, and chemical composition of the AEMs.

The kinetics of water uptake and dimensional swelling of
AEMSs may vary depending on the temperature and time for
measurement. It is important to note that polymer chain
structures, their strength of intra-and intermolecular interac-
tions, how dry the membranes are to begin with, and the
solvents used to cast the membrane may also play crucial roles
in water uptake and dimensional swelling.

The IEC of AEMs for AEMWESs may be somewhat lower than
for AEMFCs when liquid electrolyte is supplied, while the AEM
may be thicker to reduce gas crossover and withstand desirable
differential pressure operations. There are likely more oppor-
tunities for improving alkaline stability by exploring new
cation headgroups, such as metallocenes, or decreasing the
susceptibility of cation headgroups to nucleophilic hydroxide
attack, as seen in the hindered access approach used
in poly(benzimidazolium) AEMs. Increasing oxidative stability
can also be addressed by specific chemical structures of
AEPs that avoid susceptible units and the possibility of
using anti-oxidative additives. Other AEM work highlights
opportunities for aligned through-membrane conduction
channels,””® although more scalable processes are essential
for commercialization.

The main body of AEP (AEM and AEI) structural design for
the past decade has been applied to AEMFC. However, similar
structural design principles are usually applicable to AEMWE
and CO, electrolysers, but with some structural and membrane
fine-tuning according to the specific environment of the appli-
cation. In particular, AEPs for AEMFC, AEMWE, and CO,
capture/electrolyser applications all need chemical stability
under higher pH conditions (pH > 13), which are highlighted
in this review. As mentioned above, thicker AEMs are preferable
for AEMWE to reduce gas crossover and mechanical stress from
differential pressure. Since these AEMs are immersed in liquid,
dimensional swelling must be controlled, either by AEM
mechanical support, or mitigated by crosslinking or branching,
and by a lower IEC. In many cases, commercially available
AEMs are employed. Also, since the AEMs are thicker and
require more material, there is more price sensitivity and a
requirement for cheaper materials. In the case of CO, electro-
lysers, most investigations have focused on the CO,RR and
device performance, using commercially available AEMs, rather
than on specific AEMs tailored for these purposes (Table S12,
ESIt).

The exploration of AEIs within catalyst layers has been
comparatively limited compared to AEMs, yet their significance
in enhancing device performance is increasingly recognized.
Beyond the essential attributes required of AEMs - such as ion
conductivity, mechanical resilience, dimensional integrity, and
alkaline endurance - three specific criteria stand out for AEIs.
Firstly, AEIs can regulate pH conducive to electrochemical
reactions. This adjustment is facilitated by factors like cationic
and non-cationic functional groups, IEC, and the ratio of
ionomer to catalyst within the catalyst layers. Generally, a
higher pH is favoured for AEMWEs as opposed to AEMFCs.

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cs00186e

Open Access Article. Published on 26 April 2024. Downloaded on 3/7/2026 5:33:40 AM.

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

(cc)

Review Article

However, a significantly lower pH proves advantageous for
CO,RR in the CO, electrolysers.”*>”*® Secondly, AEIs should
exhibit minimal interactions with catalysts. Interactions
between ionomers and catalysts not only influence catalytic
efficiency but also impact device durability. Notably, the
adsorption of cationic AEI groups at the anode of electroche-
mical devices is prominent, leading to electrochemical oxida-
tive degradation at high electrode potentials. Opportunities
exist for designing AEIs with lower adsorption energy on the
surface of catalysts, exemplified by fluorene-based AEIs having
fused ring structures."** This class of AEIs boasts high oxidative
stability, which is particularly beneficial for electrolyser operat-
ing at high electrode potentials. Thirdly, AEIs with high gas
permeability are desirable for a swift reactant or product
transport. Conventional methods involve partial fluorination
to enhance gas solubility.'”****7?! Modern advancements
include the development of ionomers with particulate
structures*°®*37:72%723 and increased free volume,'®>°%%7%*
The industrial implementation of AEMs and AEIs for fuel
cells and electrolysers requires AEPs with the desired perfor-
mance and functional characteristics, along with high stability,
to ensure device durability. The principles of successful com-
mercial adoption dictate that processes for making AEMs and
AEIs should be cost-effective, simple, scalable, and sustainable.

Glossary of acronyms

ADMET Acyclic diene metathesis polymerization
AEM Anion exchange membrane

AEMFC Anion exchange membrane fuel cell
AEMWE Anion exchange membrane water electrolyser
AEI Anion exchange ionomer

AEP Anion exchange polymers

AFM Atomic force microscopy

AMS a-Methylstyrene (AMS)

ASR Area specific resistance

Bpin Pinacol boronate

BPM Bipolar membrane

BTC Bistetracyclone

BTMA Benzyltrimethyl ammonium

CE Coulombic efficiency

CEM Cation exchange membrane
DABCO Diazabicyclo[2.2.2] octane

DAC Direct air capture

DAPP Diels-Alder poly(phenylene)

DEB Diethynylbenzene

DFT Density functional theory

DIPEA N,N-Diisopropylethylamine

DMAc Dimethylacetamide

DMF Dimethylformamide

DMI 1,2-Dimethylimidazole

DMSO Dimethyl sulfoxide

DMP Dimethyl piperidinium

DMPZ 1,4-Dimethylpiperazine

DOE Department of Energy
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ECSA

ED

EE

ETFE

FTIR

GPC

HER

HFTO
HMT
HT-PEMFC

IEC
LDPE
LT-PEMFC

MAN
MCDI
MD
MEA
MIG
MMPH
MPIP
NMP
MPY
NMR
OER
PBI
PDI
PE
PEEK
PEM
PES
PFSA
PGM
PIG
PIP
PPD
PPO
PTFE
PVDF
PYR
QUN
RED
RFB
RG
RH
RO
ROD
ROMP
SAXS
SBS
SEBS
TFA
TFSA
TMBG
TMBTC
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Electrochemical surface area
Electrodialysis

Energy efficiency

Ethylene tetrafluoroethylene

Fourier transform infrared

Gel permeation chromatography
Hydrogen evolution reaction

The hydrogen and fuel cell technologies office
Hexamethyl-p-terphenylene

High temperature-proton exchange membrane
fuel cell

Ion exchange capacity

Low-density polyethylene

Low temperature-proton exchange membrane
fuel cell

Methylacrylonitrile

Membrane capacitive deionization
Molecular dynamics

Membrane electrode assembly
Mutual-(simultaneous)-grafting method
N-Methylmorpholine
N-Methylpiperidine
N-Methyl-2-pyrrolidone
N-Methylpyrrolidine

Nuclear magnetic resonance

Oxygen evolution reaction
Polybenzimidazole

Polydispersity index

Polyethylene

Poly(ether ether ketone)

Proton exchange membrane

Poly(ether sulfone)

Perfluorosulfonic acid

Platinum group metal

Pre-irradiation grafting

Piperidinium

Peak power density

Poly(p-phenylene oxide)
Polytetrafluoroethylene

Polyvinylidene fluoride

Pyridine

Quinuclidine

Reverse electrodialysis

Redox flow battery

Radiation-grafted

Relative humidity

Reverse osmosis

Radical/oxidative degradation

Ring opening metathesis polymerization
Small angle X-ray scattering
Poly(styrene-b-butadiene-b-styrene)
Poly(styrene-b-(ethylene-co-butylene)-b-styrene)
Trifluoroacetic acid
Trifluoromethanesulfonic acid
2-Butyl-1,1,3,3-tetramethyl-butylguanidine
Tetramethylbis(cyclopentadienone)
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TMI 1,2,4,5-Tetramethylimidazole
uv Ultraviolet

VBC Vinylbenzyl chloride

VE Voltage efficiency
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