494

CHIMIA 2023, 77, No. 7/8

SCS MaJor Awarps / SCS FaLL MeeTing 2023

doi:10.2533/chimia.2023.494

Chimia 77 (2023) 494-500 © X. Wu, X. Hu

Anion Exchange Membranes for Hydrogen
Technologies: Challenges and Progress

Xingyu Wu@ and Xile Hu$*#

SGreen & Sustainable Chemistry Award 2022

Abstract: Anion exchange membrane fuel cells (AEMFCs) are considered one of the most promising and efficient
hydrogen conversion technologies due to their ability to use cost-effective materials. However, AEMFCs are
still in an early stage of development and the lack of suitable anion exchange membranes (AEMs) is one major
obstacle. In this review, we highlight three major challenges in AEMs development and discuss recent scientific
advancements that address these challenges. We identify current trends and provide a perspective on future

development of AEMs.
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1. Introduction

The European Union has set a target to reduce greenhouse gas
emissions by at least 55% by 2030 and achieve carbon neutrality
by 2050.11 The transportation sector contributes approximately
one fifth of total CO, emissions.[?! Hydrogen fuel cells are a
promising alternative to conventional internal combustion engines
including zero CO, emissions, higher efficiency (>60%) while
providing similar refueling times (<5 min) and driving ranges

(>500 km).[3 The Hydrogen Roadmap for Europe anticipates to
power more than 50 million fuel cell vehicles by 2050.4

Proton exchange membrane fuel cells (PEMFCs) have been
utilized in fuel cell vehicles, but their cost competitiveness is hin-
dered by several factors. These include the reliance on expen-
sive platinum-group metals (PGMs) catalysts, graphite/titanium
bipolar plates, and Nafion membranes, primarily due to the acidic
working environment. These cost-intensive components con-
tribute to the overall high cost of PEMFCs.Bl Anion exchange
membrane fuel cells (AEMFCs) offer a cost-effective alternative
to PEMFCs. By transitioning from an acidic to an alkaline envi-
ronment (Fig. 1), AEMFCs can employ more affordable catalysts
based on Earth-abundant metals, stainless steel bipolar plates, and
hydrocarbon-based anion exchange membranes (AEMs). Despite
the cost advantage of AEMFCs, their development is still in the
early stages. A key obstacle in AEMFC:s is the limited availability
of durable AEMs with sufficient OH™ conductivity.
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Fig. 1. Schemes of PEMFCs and AEMFCs.
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2. Challenges in AEMs

Anion-exchange membranes (AEMs) play a critical role in
AEMFCs as they serve both as carriers for OH™ ions and barriers
to prevent shortcuts and H,/O, mixing. AEMs are typically made
from polymers containing cationic groups capable of transport-
ing OH™ ions. These cationic functional groups can be directly
attached to the polymer backbone or connected through long alkyl
or aromatic side chains. In some cases, they can be an integral
part of the backbone structure. AEMs should simultaneously pos-
sess high conductivity (>100 mS cm™' @80 °C), excellent chemi-
cal stability (>1000 h in 1 M KOH@80 °C), good mechanical
strength (>50 MPa), limited swelling (<30%), low H, permeabil-
ity (<25 nmol cm™ s7') and cost-effectiveness. To make desirable
AEMs, three primary scientific challenges must be identified and
addressed.

2.1 Low Conductivity

The first challenge relates to the inherent low conductivity of
AEMs. For instance, Nafion membranes exhibit high proton (H*)
conductivity of up to 150 mS cm at 80 °C.[6! In contrast, AEMs
derived from Nafion precursors (Fig. 2) typically demonstrate
OH- conductivity of less than 50 mS cm™" under the same condi-
tions.[781 This discrepancy arises from the higher molecular weight
(17 vs 1) and lower mobility (6£1x10~ cm? s™' vs 10£2x10° cm?
s") of conductive OH- ions compared to H* ions in proton ex-
change membranes (PEMs).
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Fig. 2. Structures of Nafion and Nafion-derived AEMs.

2.2 Poor Chemical Stability

AEMs face more severe degradation compared to PEMs due to
the alkaline working environment, especially at elevated tempera-
ture. Various cations, including ammonium, imidazolium, phos-
phonium, sulfonium, and organic-metal groups, have been tested
under alkaline conditions (Fig. 3). However, only a few of them
have demonstrated sufficient chemical stability. Additionally,
commercially available polyaromatics, such as poly(ether-ether
ketone) (PEEK), polysulfone (PSF), and poly(phenylene oxide)
(PPO), which contain aryl-ether groups, are susceptible to at-
tack by OH, leading to polymer chain cleavage (Fig. 3). More
importantly, AEMs are prone to undergo more severe degrada-
tion by the presence of highly destructive species such as HO
and HO, radicals, which could be generated on the electrodes and
inside the membrane during the operation of AEMFCs.°-111 This
chemical degradation often involves the decomposition or detach-
ment of cations and/or the cleavage of the polymer backbone.
Consequently, it can result in reduced ion conductivity, loss of
mechanical stability, and even fuel cell failure. Overcoming these
degradation challenges is crucial for improving the durability and
performance of AEMs in AEMFCs.

2.3 Trade-off Limitation

The third challenge is the trade-off limitation between con-
ductivity and dimension stability of AEMs. The conductivity
of AEMs is primarily determined by the ion-exchange capacity
(IEC). Higher IEC typically leads to higher conductivity but it
also results in increased water uptake and swelling ratio, which
can compromise the dimensional and mechanical stability of
AEMs.[12.13]

3. Current Progress on AEMs

Years of research on anion exchange membranes (AEMs) have
led to the discovery of various strategies aimed at addressing the
challenges mentioned earlier. Notably, significant progress has
been made in resolving the issue of conductivity, with some state-
of-the-art AEMs exhibiting conductivities comparable to those
of Nafion membranes. The challenges of chemical stability and
trade-off limitations have emerged as dominant concerns in the
development of desirable AEMs. Consequently, extensive efforts
have been dedicated to addressing these challenges. A summary
of recent progress towards these three challenges would be valu-
able for understanding and developing desirable AEMs.

3.1 Conductivity

Increasing the ion exchange capacity (IEC) is a highly effec-
tive strategy for improving conductivity in AEMs. To achieve the
desired conductivity, AEMs typically possess an IEC higher than
2 meq. g'. For instance, He et al.l'¥l observed that a poly(2,6-
dimethyl-1,4-phenylene oxide) (PPO) AEM with an IEC of 1.4
meq. g exhibited an OH~ conductivity of only 12.9 mS cm™ at
25 °C. However, by increasing the IEC to 2.1 meq. g*!, the OH~
conductivity increased to 53 mS cm™. Furthermore, Mandal et
al .51 achieved a record-high IEC of 3.84 meq. g~' in a poly(butyl
norbornene-b-bromobutyl norbornene-b-butyl norbornene-b-bro-
mobutyl norbornene) AEM. This AEM demonstrated a remark-
able conductivity of 212 mS cm™ at 80 °C, surpassing the bench-
mark Nafion membrane (150 mS cm™") under the same conditions.

When tested in fuel cells, AEMFCs utilizing these high-
conductivity AEMs exhibited comparable peak power density to
Nafion-based PEMFCs. For example, the QAPPT AEM devel-
oped by Peng ef al.l'®l demonstrated a conductivity of 116 mS
cm™ at 80 °C, and AEMFCs using this AEM achieved a peak
power density of 1500 mW c¢m. Similarly, the GT82-15 AEM
fabricated by Mandal et al.['5] exhibited a conductivity of 147 mS
cm™ at 80 °C, and AEMFCs employing this AEM achieved an
unprecedented peak power density of 3500 mW cm™, the high-
est recorded to date. These results highlight the significance of
increasing IEC in AEMs to enhance their conductivity and enable
high-performance AEMFCs.

3.2 Chemical Stability

AEMs comprise of polymer backbones, immobilized cationic
groups, and free anions (usually OH") that balance the charge. By
designing durable and chemically resistant polymer backbones, as
well as selecting robust cationic groups, it is possible to improve
the overall chemical stability of AEMs.

3.2.1 Cations

Tetramethyl ammonium (TMA) is the simplest cation and
has sufficient chemical stability (half-life time t,, = 62 h) under
strong alkaline solution (6 M KOH) at 80 °C.I'7I While attached
to polymer backbones, benzylic or alkyl linkages have to be in-
troduced (Fig. 4). Notably, the half-life time of benzylic trimethyl
ammonium decreased to 4.2 h using the same testing method. This
decrease can be attributed to the activation of a-H acidity by both
the benzene ring and the ammonium. Replacing the benzylic link-
age with alkyl chains (>4 carbon atoms) can improve the alkaline
stability. For instance, alkyl trimethyl ammonium cations with 12
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Fig. 3. Degradation mechanisms of typical cations and polyaromatics.

carbon atoms only degrade 11% in 2 M KOH solution at 80 °C
for 30 days.!8!

In 2015, Marino et al.l'”l conducted a comprehensive investi-
gation into the chemical stability of 26 different quaternary am-
monium cations in 6 M NaOH at 160 °C. Among these cations,
N-heterocyclic 6-azonia-spiro[5.5]undecanium (ASU) and N,N-
dimethyl piperidinium (DMP) demonstrated the highest chemical
stability. The half-life times of ASU and DMP were 110 h and
87.3 h, respectively, surpassing that of TMA (61.9 h). The excep-
tional chemical stability of ASU and DMP can be attributed to the
increased transition state energy of both substitution and elimina-
tion degradation reactions, which is caused by the minimal ring
strain and conformational constraints imposed by their 6-member
ring structures.[19-20]

Imidazolium cations have been extensively investigated due to
the additional chemical stability provided by the resonance effect
of the heterocycle. Imidazolium cations with a hydrogen at the
C2 position (BMIm) can completely decompose via imidazolium
ring-opening reactions over 720 hin 1 M KOH at 80 °C (Fig. 3).
However, replacing C-H with methyl or phenyl groups and N-CH,
with butyl or isopropyl groups enhances the stability of imidazo-
lium cations. Imidazolium cations with N1 = N3 = n-butyl, C2 =
1,3,5-trimethyl phenyl, and C1 = C5 = phenyl (Mes-dBIm) have
been reported to exhibit exceptional stability (half-life time ¢,
>10000 h) in 3 M NaOD/D,0/CD,OD at 80 °C.

Phosphonium cations (such as tnalkyl phosphonium, triphenyl
phosphonium, benzyl triphenyl phosphonium) were unstable in the
presence of OH- even at room temperature. They can rapidly de-

grade into phosphine oxide via the Cahours-Hofmann reaction.2!]
Yan et al.12223] reported a relatively stable benzyl tris(2,4,6-trime-
thoxyphenyl)phosphonium cation (BTPP-(p-Me)). The additional
methoxy groups offered both electron-donating stabilization and
extra steric hinderance. However, spectroscopic studies revealed
that these bulky phosphonium cations can still degrade by more
than 10% after 1000 h immersion in 1 M KOH at 80 °C.

Organometallic cations, such as cobaltocenium cations,[24.25]
bis(terpyridine)ruthenium(ir) cations,/2¢ and K*-complexing
crown ether cations,[?”) show good chemical stability through
rational design of complexing ligands. However, their synthesis
processes are usually complex.

3.2.2 Polymer Backbones

Commercial aryl-ether polyaromatics, such as polysulfone
(PSF),281 poly(2,6-dimethyl-1,4-phenylene oxide) (PPO),[2%1 are
initially applied to develop AEMs owing to their low-cost, ease
of processing and good mechanical properties. However, these
AEMs usually showed poor chemical stability due to the back-
boned cleavage (Fig. 3).5301

Polyethylenes (Fig. 5) are more stable than aryl-ether polyaro-
matics. Wang er al.BY modified the commercial high-density
polyethylene (HDPE) film with benzylic trimethyl ammonium
cations via radical graft method. Jeon et al.B? grafted a com-
mercial polyethylene (SEBS, polystyrene-b-poly(ethylene-co-
butylene)-b-polystyrene) with alkyl trimethyl ammonium cations.
The prepared AEMs showed no loss in conductivity over 500 h
in 1 M NaOH at 80 °C. Note that polyethylene AEMs typically
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Fig. 4. Typical cations used in AEMs.
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exhibit high water uptake and dimensional swelling due to their
flexible chains and low glass transition temperature (Tg <100 °C).

Polynorbornenes were initially reported by Clark er al.33 in
2009 as backbones to prepare AEMs via ring-opening metathesis
polymerization (ROMP). Recently, Mamdal et al.3* developed
a new type of polynorbornene AEM through vinyl addition po-
lymerization, which showed no conductivity loss after 1200 h
immersion in 1 M KOH at 80 °C. This is due to the additional
conformation constraints and absence of C=C bonds in the poly-
mer structure. Using this AEM in a fuel cell test, Hassan et al.[33]
achieved a peak power density of 3200 mW cm™ by carefully
manipulating water management. Despite the advantages of poly-
norbornene AEMs, the complex synthesis process and reliance on
precious metal catalysts (Ru or Pd) are their drawbacks.

Ether-free polyaromatics possess many desirable properties,
including good thermal, dimensional and mechanical stabilities,
as well as excellent chemical stability resulting from the high
glass transition temperature and the absence of ether groups.
Several synthesis methods have been developed to produce ether-
free polyaromatics.

Poly(phenylene)s36-38 made by Diels-Alders polymerization
were one of the earliest examples. The polymers were subse-
quently modified with alkyl halide groups, followed by a qua-
ternarization reaction to prepare AEMs. Poly(phenylene)s AEMs
displayed a conductivity of 119 mS cm™ at 80 °C and demon-
strated no IEC loss after 670 h in 4 M NaOH at 60 °C. One main
obstacle of poly(phenylene)s is the multi-step synthesis of both
monomers and polymers.

Palladium-catalyzed Suzuki coupling reaction and nickel-cata-
lyzed cross-coupling reactions are efficient methods to synthesize
ether-free polyaromatics. Lee et al.3 reported a poly(fluorene-
benzene) (PFB) via Suzuki coupling reaction, using aromatics
boronic acid/boronated esters and aromatic bromide with a pal-
ladium complex. Ono et al.[*0] designed a poly(perfluoroalkylene
phenylene) via nickel-catalyzed coupling reaction, using dichlo-
robenzene and perfluoroalkylene with nickel complex. AEMs de-
rived from these backbones showed high chemical stability with
no conductivity loss over 1000 h in 1 M KOH at 80 °C. However,
there are some drawbacks. The Suzuki coupling reaction has lim-
ited scalability due to costly palladium catalysts and boronated
monomers. Nickel-catalyzed coupling reaction requires large
excessive amounts of nickel catalysts for high molecular weight
polymers and the removal of nickel metal may bring extra cost.

Super-acid catalyzed Friedel-Crafts reaction is another meth-
od to prepare ether-free polyaromatics by forming C-C bonds
between ketones and phenyl monomers. This approach allows
for the synthesis of diverse polyaromatic structures based on the

choice of electrophilic ketone and phenyl monomers. Lee ef al.[*!]
reported poly(phenyl alkylene)s with flexible alkyl bromide side
chains, which were subsequently converted into ammonium cat-
ions. Olsson et al.29 synthesized poly(aryl piperidinum)s using
commercial N-methyl-4-piperidone monomers. The prepared
AEMs exhibited exceptional chemical stability. Furthermore, this
reaction is a one-step process, metal-free and easy to scale-up.

3.3 Trade-off

3.3.1 Crosslinking

A high IEC (>2 meq g™!) is required to achieve sufficient con-
ductivity in anion exchange membranes (AEMs). However, this
often leads to increased water uptake and swelling, resulting in
poor mechanical properties. Crosslinking (Fig. 6)142! is an effec-
tive method to address this trade-off limitation. The poly(butyl
norbornene-b-bromobutyl norbornene-b-butyl norbornene-b-
bromobutyl norbornene) AEM with 3.84 meq. g*! IEC adsorbed
a huge amount of water. Mandal er al.'5! used N,N,N’,N’-
tetramethyl-1,6-hexanediamine (TMHDA) as a crosslinker and
observed significant improvements even with a small amount of
crosslinking. The AEM with 5% crosslinker exhibited slightly
lower IEC (3.76 meq g' vs 3.84 meq g'), but maintained constant
conductivity while reducing water uptake dramatically to 122%.
Another example by You et al.*3! involved the crosslinking of
polyethylene AEMs. The crosslinked AEM with 10% crosslinker
exhibited lower water uptake (115%) and swelling ratio (17%)
compared to the pristine AEM (water uptake: 257%, swelling ra-
tio: 46%). Crosslinking is a versatile method to address the trade-
off limitation in AEMs, but it also brings difficulties in membrane
casting due to the insolubility of crosslinked polymers in many
solvents.[42:44]

3.3.2 Phase Separation

Creating a microphase separation morphology in AEMs is a
strategy inspired by the structure of Nafion membrane to address
the trade-off limitation.[*3] The interconnected hydrophilic chan-
nels in Nafion membrane facilitate the rapid migration of protons,
and a similar mechanism can be utilized for OH ion transport. Li
et al.1%61 observed that block poly(fluorene alkylene) AEM, com-
pared to random poly(fluorene alkylene) AEM, exhibited higher
conductivity (207.9 vs 144.1 mS cm™) and lower water uptake
(72.9% vs 99.3%) despite having the same IEC (2 meq. g™').
They attributed this to the presence of long-range hydrophobic
segments and hydrophilic ion clusters in the block poly(fluorene
alkylene) AEM, which were absent in the random poly(fluorene
alkylene) AEM (Fig. 7).
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4. Poly (aryl piperidinium)s

Extensive research has focused on developing AEMs to address
conductivity, chemical stability and trade-off limitations. Among
them, poly(aryl piperidinium) (PAP) has emerged as a promising
candidate due to its ease of synthesis and scalability. PAP-based
AEMs have exhibited exceptional stability in 1 M KOH at 80 °C
for over 5000 h. However, the trade-off between ion conductiv-
ity and dimensional stability remains a challenge. Olsson et al.[20]
reported the high water uptake (> 145% at 20 °C) of the poly(p-
terphenyl N,N-dimethyl piperidinium) (PTPipQ1) membrane,
due to its high IEC (2.8 meq. g!) and low molecular weight. To
overcome this limitation, various strategies, including copolymer-
ization, crosslinking, branching and microphase separation (Fig.
8), have been developed to enhance PAP-based AEMs, and some
are being commercialized by companies such as Versogen (US),
W-SCOPE (South Korea), and NovaMea SA (Switzerland).

4.1 Copolymerized PAP AEMs

Several strategies, including copolymerization, crosslinking
and phase separation, have been developed to address this trade-
off limitation of PAP AEMs. Copolymerization with highly reac-
tive monomers results in polymers with high molecular weight
and adjustable IEC, while maintaining the high chemical stabil-
ity of piperidinium cation and backbones. AEMs based on these
high-molecular-weight PAPs exhibit improved OH" conductivity
and dimensional stability. Wang et al.l*7! demonstrated this by
synthesizing PAP-TP-85 through copolymerization with 2,2,2-tri-
fluoroacetophenone monomer, resulting in a polymer with double
the intrinsic viscosity of pristine PTP (4.71 dL g™' vs. 2.84 dL g™').
The PAP-TP-85 AEM displayed high conductivity (170 mS cm™!
at 80 °C) and excellent dimensional stability (57% water uptake
and 10% swelling ratio). The AEMFCs with PAP-TP-85 AEM

fast transport

uodsues; ise;

bicontinuous phase

Fig. 7. The molecular dynamic simulation of OH- transport through hy-
drophilic channels in block AEMs.

achieved a peak power density of 920 mW c¢m™ and durability of
300 h. Chen et al.1*8491 discovered another two reactive monomers
(1,2-diphenylethane and 9,9’-dimethylfluorene) and the prepared
PDTP and PFTP AEMs exhibited desirable properties and excel-
lent AEMFCs performances.

4.2 Microphase-separated PAP AEMs

Improving the microphase separation has been recognized as
an efficient strategy to address the trade-off in aryl-ether polyaro-
matics AEMs. However, constructing microphase-separated
structures in poly(aryl piperidinium)s AEMs is challenging due
to the direct attachment of piperidinium cations to hydrocarbon
backbones. Only few poly(aryl piperidinium)s have been reported
with improved microphase separation.>% Pham et al.I5!] synthe-
sized a side-chain type poly(terphenyl) with piperidinium cations
connected along the backbone via a flexible alkylene spacer, lead-
ing to the formation of ionic clustering. Another example is the
grafting of multiple trimethylammonium groups onto piperidini-
um rings to create multi-cation side-chain poly(aryl piperidinium)
AEMs. Atomic force microscopy (AFM) revealed the presence
of larger hydrophilic channels (16.5-18.5 nm) in these AEMs.[52]

Recently, our group reported a fluorination strategy to induce
phase-separated structures in PAP AEMs.[531 We synthesized a se-
ries of fluoroalkyl monomers and incorporated them into poly(aryl
piperidinium)s, resulting in fluorinated poly(aryl piperidinium)s
(FPAP). The high hydrophobicity of the fluoroalkyl chains facili-
tated the aggregation of piperidinium cations into interconnected
hydrophilic channels. The resulting FPAP AEMs exhibited high
OH- conductivity (>150 mS cm™ at 80 °C) and excellent dimen-
sional stability (swelling ratio <20% at 80 °C), comparable to
the benchmark Nafion membrane. Furthermore, the FPAP AEMs
demonstrated exceptional mechanical properties (tensile strength
>80 MPa and elongation at break >40%) and chemical stability
(>2000 h in 3 M KOH at 80 °C). Notably, AEMFCs with a FPAP
AEM and PGM-free (Co-Mn spinel) cathode achieved a state-
of-the-art peak power density of 1.3 W cm™ at 80 °C. The FPAP
membranes exhibited operational stability for over 500 h.

4.3 Crosslinked PAP AEMs

Crosslinking offers a general approach to mitigate the trade-
off between conductivity and dimensional stability in poly(aryl
piperidinium) membranes. One method involves reacting with
dibromo crosslinkers, as demonstrated by Chen et al.l>¥l using
a 1,5-dibromopentane crosslinker to create x-PFTP-10 AEMs
with 10% crosslinking. These membranes exhibited lower water
uptake, reduced swelling ratio, and higher mechanical strength
compared to pristine membranes. However, the OH™ conductiv-
ity of the crosslinked membranes was slightly decreased. To ad-
dress this, the same groupl>2! developed multi-cation crosslinked
poly(aryl piperidinium) membranes, which showed improved
OH- conductivity (155 mS cm™ at 80 °C) compared to pristine
membranes (102 mS cm™' at 80 °C). However, the crosslinked
PAP membranes experienced around 10% conductivity loss over
1200 h in 1 M NaOH at 80 °C, likely attributed to the Hoffmann
elimination degradation of the crosslinkers.

4.4 Branched PAP AEMs

Recently, our group53! developed a facile synthetic approach
to branched poly(aryl piperidinium) AEMs using 1,3,5-triphenyl
benzene as branching agent. The resulting branched PAP poly-
mers exhibited high OH- conductivity (>145 mS cm™ at 80 °C),
reduced water uptake and swelling ratio, and favorable mechani-
cal properties (tensile strength >60 MPa and elongation at break
>35%). These improvements were attributed to enhanced chain
rigidity and increased polymer molecular weight. The membrane
maintained its integrity and conductivity after immersion in 1M
KOH for 1500 h at 80 °C. AEMFCs based on this membrane
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achieved impressive peak power densities (PPDs) of up to 2.3 W
cm?in H,-O, and up to 1.3 W cm™ in H_—air, which are among
the highest reported values for AEMFCs. The AEMFCs exhibited
stable operation for over 500 h, with the branched PAP membrane
remaining structurally stable throughout the process. Li et al.[30]
further demonstrated this strategy in branched poly(arylene alkyl-
ene) AEMs. The strategy of branching might be applicable to the
development of other types of AEMs.

5. Summary and Outlook

At the beginning of this review, we highlighted three major
challenges hindering the development of AEMs. However, over
the past decade, we have witnessed significant scientific advance-
ments in AEMs, leading to the development of various promis-
ing materials. Among them, poly(aryl piperidinum)s AEMs have
emerged as particularly promising candidates for applications,
garnering extensive research attention. Indeed several startup
companies have been founded to commercialize these AEMs.
Among them is NovaMea SA (novamea-tech.com), a spin-off
from our EPFL lab. NovaMea aims to develop next-generation
AEM water electrolyzers and fuel cells.

In the future, further improvement in the mechanical dura-
bility of poly(aryl piperidinium)s AEMs is crucial because thin
membranes (<20 um) are required in fuel cells. Strategies such as
incorporating fillers into the polymer matrix and composite with
commercial substrates offer potential solutions for enhancing me-
chanical robustness.
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