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1. Introduction

Energy devices like fuel cells and water electrolyzers
(WE) related with hydrogen and e-fuels applications are key 
pieces in the movement towards a net-zero carbon future, 
playing a major role in the energy transition strategy, allow-
ing energy storage for a long time without significant losses. 
Furthermore, green hydrogen and e-fuels can decarbonize 
several industrial sectors and general uses, either directly as 
part of industrial processes or by replacing fossil fuels for 
heating demand or transportation [1]. The search of effi-
cient and cost effective materials and components, particu-
larly polymeric electrolyte alkaline exchange membranes 
(PEAEMs) for alkaline fuel cells and electrolyzers, have 
gained interest, demonstrated by the continuous increase in 
the number of publications verified in the last decade. 

Apart from meeting cost, durability and performance 
targets, PEAEMs should meet other important requirements 
related with the fabrication process, as shown in Fig. 1. It 
must be assured that the desired structure is reached by the 
chosen synthetic route, selecting the appropriate ion-ex-
change groups and their positioning on the polymer matrix. 
The control of membrane morphological assure good me-
chanical properties and scalability. For industrial fabrication, 
low cost materials, mild reaction conditions and one pot 
processing methods should be employed as far as possible. 

Fig. 1. Main requirements for fabrication of good PEAEMs [2]. 

2. Experimental

In this work, reported in literature and commercial pol-
ymeric electrolyte AEMs are reviewed, covering the differ-
ent polymer matrix, ionic groups and preparation methods; 

and compared according to their performance, represented 
by their ionic exchange capacity (IEC), anionic conductivity 
and peak power density (PPD) in fuel cells.   

3. Results

3.1 PEAMS of cationic charged polymers  

PEAEMs can be constituted by polymers having cationic 
groups (CGs) covalently bonded to the skeleton of the chain 
(fixed charged), with a mobile counter anion. The cationic 
groups covalently bound to the polymer backbone can be 
obtained by polymerization or polycondensation of a mon-
omer having a moiety that is or can be converted into an 
anionic exchange group, eventually copolymerized with 
(non-) functionalized monomers or incorporation of cationic 
groups on a preformed film by grafting of a functionalized 
monomer or a non-functional monomer then functional-
ized. Aditionally, CGs can be incorporated by chemical mod-
ification of a polymer or blend to form cationic moieties, fol-
lowed by dissolution and casting [2]. 

In the first design and fabrication process of a PEAEM, 
patented by Tokuyama Soda Company, polychloropropene 
was crosslinked with divinylbenzene (DVD), then quaterni-
zated by trimethylamine (TMA) [3]. DVD, a benzene ring 
bonded to two vinyl groups, can react with different poly-
mers forming a bencil chloride moiety, that in turn reacts 
with a tertiary amine, like TMA, to form a quaternary am-
monium salt as CG. Fig. 2 shows CGs created by radiation 
grafting of vinylbenzyl chloride (VBC) onto poly (ethylene-
co-tetrafluoroethylene) (ETFE). –CH2Cl moiety is quater-
nized with TMA (Cl form), then converted to OH form by im-
mersion in KOH aquous solution (ETFE-g-PVB/TMA/OH). 

Fig. 2. PVB grafted onto ETFE, quaternized by TMA [2, 4]. 

The benzyl chloride function can be introduced by 
chemical modification of an aromatic polymer, as poly (sul-
fone) or poly (styrene), as can be seen in Fig. 3, where poly-
sulfone (PSf) is chlorometylated, quaternized by TMA (Q-
PSf), and then converted to OH form.   

PEAEMs based in –N-(CH3)3
+ groups are advantageous in 
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terms of low costs and facile synthesis, but they have a lim-
ited ionic conductivity, and are prone to suffer attack in high 
pH media. Then, CGs derived from 1,4-Diazabicyclo [2.2.2] 
octane (DABCO), 1-butyl-4-aza-1-azaniabicyclo [2.2.2] oc-
tane bromide (BDABCO) or N, N, N, N-tetramethyl-1,6-dia-
minohexane (TMHDA), were proposed.  

Fig. 3. Chemically modified PSf, quaternized by TMA [5].  

3.2 PEAEMs of ion-solvating polymers 

This kind of PEAEMs are composed by an aqueous solu-
tion of a hydroxide salt, usually potassium hydroxide with a 
polymer matrix, whose electronegative heteroatoms such 
as N, O or S interact with the cations in solution by a donor–
acceptor mechanism, enabling ionic conduction though 
these heteroatom-cation interactions, and also though the 
mobility of the amorphous polymer chains. Among this kind 
of membranes, polybenzimidazole PBI and ABPBI are pre-
ferred options, either linear, crosslinked, blended with other 
polymers and combined with fixed charged polymers.  

3.3 Recent developments in PEAEMs 

Nanofibers (NFs) obtained by nanospun techniques can 
be combined with casted films in composite PEAEMs mem-
branes of high porosity, good mechanical properties, high 
reproducibility and easy up-scalability. Table 1 shows some 
examples, as a membrane composed by NFs of PVA quater-
nized with glycidyltrimethyl ammonium chloride (Q-PVA) 
combined with a Q-PVA casted film, or a composite mem-
brane based in a blend of PVA/chitosan (PVA/CS).   

In composite organic inorganic PEAEMs, organic and in-
organic components can be bonded covalently or through 
ionic interactions. Different inorganic components have 
been considered, like silica, metallic oxides, graphene oxide, 
or functionalized NTCs, dispersed in a polymeric matrix 
through particle doping or in situ particle forming, fabri-
cated by sol gel methods, blending, intercalation, in situ 
polymerization and molecular auto assembling. Table 1 
shows performance parameters of composite membranes c-
PVA/TiO2, PVA/CNT and Q-PPO/NGO, formed by cross-link-
ing of ammonium quaternized poly (2,6-dimethyl-1,4-phe-
nylene oxide) (Q-PPO) with tertiary amine groups function-
alized graphene oxide (NGO).  

Son et al. [14] reported a pore-filled membrane using 
poly (phenylene oxide) (PPO) with long side chain and qua-
ternary ammonium group through Friedel crafts acylation 
reaction Ac-PPO, crosslinked with TMHDA, with polyeth-

ylene (PE) support. In pyrazolium cross-linked poly (trip-
tycene ether sulfone) (PXm-Tn) [15], high conductivity along 
with mechanical and chemical stability is attained by means 
of a structure that promotes ionic highways formation: a 
cross-linked polymer network with cations as crosslinkers. 
Finally, Table 1 includes PEAEMs of poly (aryl piperidinium) 
(PAP) with clustered piperidinium cations (3QPAP-x, x = 0.5), 
and soluble p-quaterphenyl-containing poly (aryl piperi-
dinium) (PQP-100).   

4. Discussion  

In Table 1, performance of both reported in literature and 
commercially available PEAEMs is summarized. 
Table 1. PEAEMS reported in literature and commercially available. 

Membrane IEC, Conductivity, Performace Ref. 

ETFE-g-PVB/TMA/OH 

PVB grafted on ETFE, 

quaternized by TMA 

1.03 meq·g-134 mS·cm-1/80°C 

130 mW·cm-2/H2FC, O2, 80°C  

8 mW·cm-2/DMFC, O2, 80°C 

[4] 

PSf/TMA/OH (Q-PSf) 

Chlorometilated PSf, 

quaternized by TMA 

0.8 meq·g-1 

50 mS·cm-1/70°C 

2 mW·cm-2/DMFC, Air, 25°C 

[5] 

ABPBI-c-PVA/OH  

ABPBI:crosslinked PVA 

blend, OH doped 

Not fixed charged 

90 mS·cm-1/90°C 

76 mW·cm-2/DEFC, O2, 90°C 

[6] 

PBI-c-PVBC/OH 

Crosslinked, quater-

nized by BDABCO 

2.87 meq·g-1 

91 mS·cm-1/80°C 

340/H2FC, O2 

[7] 

ABPBI-c-PVBC/OH 

Crosslinked, quater-

nized by DABCO 

1.7 meq·g-148 mS·cm-1/50°C 

70/DEFC, O2, 90°C 

[8] 

Q-PVA composite 

Q-PVA in NFs &  casted 

film 

0.52 meq·g-135 mS·cm-1/60 °C  

54/DMFC, O2, 60°C 

[9] 

PVA:CS composite 

PVA:CS NFs & casted 

film, OH doped 

Not fixed charged 

19 mS·cm-1/25°C 

14/DMFC, O2, 50°C 

[10] 

c-PVA/TiO2 composite 

Casting of aq. sol. of c- 

PVA & TiO2, OH doped 

Not fixed charged 

31 mS·cm-1/70°C  

7/DMFC, Air, 60°C 

[11] 

PVA/CNT composite 

CNTs func. with PVA 

chains, OH doped 

Not fixed charged 

160 mS·cm-1/60°C  

65/DEFC, O2, 60°C 

[12] 

Q-PPO/NGO compo-

site, Cross-linked, GO 

func. with tert. amine 

groups 

2.14 ± 0.07 meq·g-1123 mS·cm-

1/80°C 

398/H2FC, O2, 60°C 

[13] 

PE/Ac-PPO pore-filled  

PE support, Ac-PPO 

crosslinked by TMHDA 

2.05 ± 0.06 meq·g-187 mS·cm-

1/80°C  

239/H2FC, O2, 80°C  

[14] 

PXm-Tn  

Network, pyrazolium 

cations as crosslinkers 

0.91 meq·g-1111 mS·cm-1/80 °C  

730/H2FC, O2 
[15] 

3QPAP-0.5 

PAP with clustered pi-

peridinium cations 

2.26 meq·g-1117 mS·cm-1/80 °C  
291/H2FC, O2 

[16] 

PQP-100 2.30 meq·g-1119 mS·cm-1/80°C  
496/H2FC, O2, 60°C 

[17] 

Tokuyama A201  1.7 meq·g-1 

42 mS·cm-1 
[3] 
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Manufactured by To-

kuyama Co. 

148 mW·cm-2/H2FC, Air, 50 °C 

Fumasep® FAA-3  

Manufactured by 

Fumatech 

1.7-2.1 meq·g-1 

40-45 mS·cm-1 

223 mW·cm-2/H2FC, O2, 60 °C 

[14] 

Sustainion® 37-50 

Manufactured by Diox-

ide Materials 

IEC not found 
70-80 mS·cm-1 

3.33 A·dm-2/WE, 1.8 V 

[18] 

Ralex® AMH-PES 

Manufactured by 

MEGA 

Parameters not found  

AemionTM  

Manufactured by 

Ionomr 

IEC & conductivity not found 
0.63 A·dm-2/WE, 2.0 V 

[18] 

OrionTM  

Manufactured by Orion 

Polymer 

IEC & conductivity not found 

0.05 A·dm-2/WE, 2.0 V 

[18] 

As can be seen in this review, considerable work has 
been done on the development of PEAEMs and the identifi-
cation of their properties. However, there are still a number 
of scientific obstacles to overcome before anion exchange 
membranes can be successfully applied to commercial fuel 
cells. The main limitation of PEAMs is the stability of the 
membrane at the high pH conditions necessary for high ionic 
conductivity. The still-poor stability of the ammonium group 
used causes a drop in ionic conductivity and a loss of system 
efficiency [19]. 

5. Conclusions 

In recent decades, significant improvements have been 
made in polymer electrolyte anion exchange membranes in-
creasing the performance of alkaline fuel cells. However, 
considerable obstacles remain to establish this promising 
technology as a viable player in the green hydrogen econ-
omy, notably in terms of durability. 
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