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Abstract 

Hydrogen energy, as an important green energy source, is a crucial guarantee for achieving carbon 

neutrality and peak carbon emissions. The anion exchange membrane electrolysis cell combines the 

advantages of alkaline electrolysis cell and proton exchange membrane electrolysis cell, and can use 

non precious metal catalysts combined with renewable energy, which is expected to break through 

the bottleneck of high production cost of green hydrogen. Anion exchange membrane electrolysis of 

water for hydrogen production combines the advantages of alkaline electrolysis of water and proton 

exchange membrane electrolysis of water for hydrogen production. It has the characteristics of high 

electrolysis efficiency, fast response rates, and low cost, and is considered one of the most promising 

renewable green energy hydrogen production technologies at present. Anion exchange membrane 

(AEM) is a key component that provides OH– ion conduction and blocks gas crossover, which directly 

affects the performance and service life of the anion exchange membrane electrolysis water system. 

However, current AEM membranes face issues of low ion conductivity and poor stability. This 

review introduces the role of AEM in electrolytic cells, the performance requirements and evaluation 

parameters that high-performance AEM should meet, and focuses on the transport mechanism and 

influencing factors of OH– in AEM. Furthermore, this review provides an overview of the structural 

composition of AEM, as well as common cationic groups and polymer backbone types; The 

degradation mechanism of different cationic groups and the characteristics of polymer main chains 

were elaborated, with a focus on the strategies for designing the stability of cationic functional 

groups, the methods for modifying and preparing polymer main chains, and the performance of 

AEM. Finally, the future challenges and potential research directions of AEM membranes were 

discussed, and it was pointed out that high-performance AEM membranes that meet practical 

application needs should be constructed and prepared through strategies such as crosslinking, block 

copolymerization, side chain grafting, and composite membrane technology based on the design of 

alkali resistant and stable AEM membranes, providing reference and guidance for the further 

development of AEM. 

Keywords: hydrogen production by green electricity; anion exchange membrane water electrolysis; 

ionic conduction mechanism; ion conductivity 
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Graphic Abstract 

1. Introduction 

With the rapid consumption of global fossil fuels, the greenhouse effect and environmental 

pollution are becoming increasingly severe, and reducing dependence on carbon-based fossil fuels is 

facing unprecedented urgency. However, due to the intermittent and regional nature of green 

renewable energy sources such as solar, wind, and tidal energy, large-scale energy storage and 

transmission capabilities are required. Hydrogen has the advantages of high energy density, zero 

carbon emissions, and non-toxicity, making it an ideal energy carrier for building a global renewable 

energy system. However, as a secondary energy source, over 95% of H2 in the world is produced 

through high-temperature reforming of natural gas [1–5]. This is a non-renewable high carbon 

emission process that produces at least 5.5 kg CO2 for every 1.0 kg of H2 produced [3–6]. Electrolyzing 

water to produce hydrogen not only solves the intermittent problem of solar and wind energy, but 

also improves the utilization rate of renewable energy, making it one of the most promising solutions 

currently available. 

According to the type of membrane used, the current hydrogen production technology through 

electrolysis of water can be divided into alkaline water electrolysis (AWE) technology, proton 

exchange membrane water electrolysis (PEMWE) technology, and anion exchange membrane water 

electrolysis (AEMWE) technology (Table 1) [7–9]. AWE technology uses nickel-based alloys as 

electrodes, KOH solution as electrolytes, and polyphenylene sulfide woven fabric as separators, 

which has the advantages of low cost and high technological maturity. However, the energy 

efficiency of this technology is low (70% to 80%), the purity of hydrogen production is low (> 99.5%, 

3 MPa), the current density is low, and the dynamic response capability is poor, resulting in poor 

compatibility with renewable energy [10–15]. PEMWE technology uses perfluorosulfonic acid proton 

exchange membranes (such as Nafion membranes) as separators, reducing ion conductivity 

resistance and improving electrolysis efficiency, and can operate at high current densities (> 2 A/cm2). 

At the same time, PEMWE also has fast dynamic response capability and high compatibility with 

renewable energy [16–21]. However, PEMWE requires the use of precious metal electrocatalysts, such 

as platinum-based electrocatalysts for hydrogen evolution reactions at the cathode and iridium or 

ruthenium based electrocatalysts for oxygen evolution reactions at the anode [22–27]. Moreover, the 

higher the working current density, the higher the required loading of precious metal catalysts [26–

28]. Due to the influence of device costs such as precious metal catalysts, Nafion membranes, and 

porous transport layers, the cost of PEMWE stacks is higher than that of AW E stacks, which seriously 

hinders the large-scale application of PEMWE. AEMWE technology combines the advantages of 

AWE and PEMWE while overcoming their limitations [27–33]. AEMWE uses anion exchange 

membrane (AEM) as the membrane, which can achieve high working current density and high 
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electrolysis efficiency (> 90%), with the ability to respond quickly and minimize the mechanical 

compression requirements for storing hydrogen gas. Meanwhile, this technology can operate in 

weakly alkaline environments and can use low-cost and resource rich metals such as nickel as 

electrocatalysts. The characteristics possessed by AEMWE have shown great application prospects in 

large-scale sustainable hydrogen production, and have also attracted the attention and investment of 

more scholars and entrepreneurs [38–41]. However, the main challenges currently faced by AEMWE 

technology are the poor stability and low ionic conductivity of AEM in alkaline environments [39]. 

Therefore, how to develop high-performance AEM is crucial for fully leveraging the application of 

AEMWE technology in large-scale, safe, efficient, and green ecological hydrogen production. 

Table 1. Illustration of the main technical parameters and characteristics for alkaline water electrolysis, proton 

exchange membrane water electrolysis, and anion exchange membrane water electrolysis [3–5,33–38]. 

Comparison terms 

Alkaline electrolytic 

water for hydrogen 

production 

Hydrogen production by 

electrolysis of water with 

proton exchange membrane 

Hydrogen production 

by water electrolysis 

with anion exchange 

membrane 

diaphragms 
Porous diaphragms (e.g., 

PPS woven) 

Proton exchange membranes 

(e.g., Nafion) 

Anion exchange 

membrane 

Cathodes NiMo alloy Platinum group metals transition metal 

Anodes NiCo alloy RuOx, IrOx transition metal 

Polarized Stainless Steel Ni Plated Graphite or titanium sheet 
Nickel or stainless steel 

plate 

Electrolytes KOH solution Purified water 
Alkaline solution or 

purified water 

Current 

density/(A/cm2) 
< 0.5 1～2 1～2 

Operating 

temperature/°C 
60～90 50～90 40～80 

Gas purity > 99.5% > 99.99% > 99.99% 

Lifespan/h ≈100000 < 10000 < 2000 

Costs lower High − 

Technology 

maturity 
Maturity 

Small-scale 

commercialization 
Under development 

Vantage 

High technological 

maturity; low cost using 

non-precious metal 

catalysts 

High energy efficiency; high 

gas purity; high current 

density ;rapid response 

High energy efficiency; 

fast response; low 

costnon-precious metal 

catalysts; high gas 

purity 

Drawbacks 

Low energy efficiency; 

low current density; low 

gaspurity; poor 

responsiveness 

Precious metal catalysts and 

Nafion membranes, high 

cost; poor stability 

Low technological. 

maturity; short lifespan 

This work provides a review of the research progress of AEM, first briefly outlining the 

composition, working mechanism, and performance requirements of AEM. Secondly, the types of 

AEM cationic groups, degradation mechanisms, and modification design strategies were discussed; 

The types, structural design, and modification preparation methods of polymer main chain structures 

were also discussed. Finally, the challenges faced by current AEM research were summarized, and 

potential future research directions were proposed to provide reference for future researchers. 
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2. Working Principle and Performance Requirements of Anion Exchange 

Membrane 

2.1. Working Principle of Anion Exchange Membrane 

AEM is one of the main core components of AEMWE electrolytic cells. In the electrode reaction 

process, in addition to separating the cathode and anode, blocking electron shuttle and gas diffusion, 

AEM mainly undertakes the task of transferring OH– anions and water molecules. The transport 

mechanism of OH– in AEM is generally believed to be similar to the proton conduction mechanism 

in proton exchange membranes (PEM), mainly including Grothuss mechanism, diffusion and 

migration mechanism, and convection mechanism (Figure 1) [10]. The Grotes mechanism involves 

the formation of hydrated OH– ion clusters through hydrogen bonding between OH– and water 

molecules in a solution. When in close proximity to surrounding water molecules, hydrogen bonding 

breaks and rearranges, and then continues to form hydrated OH– ion clusters with other water 

molecules. As hydrogen bonds continue to form and break, OH– completes its transport in the 

electrolyte. The diffusion and migration mechanism is the movement of OH– in aqueous solutions 

driven by concentration/potential gradients. The convection mechanism is due to the binding of OH– 

ions with water molecules during transport, causing directional movement of water molecules and 

creating a water pressure gradient, resulting in convection phenomena. Under actual operating 

conditions, the OH– transport behavior is the result of multiple transport mechanisms working 

together. As for which transport mechanism dominates, it is not only highly related to the molecular 

structure within the AEM ion conduction channel, but also largely depends on the amount of water 

in the membrane or the hydration number (λ) of the ion groups [11,40–43]. Meanwhile, it is also 

influenced by experimental conditions such as temperature, relative humidity, and pressure. 

 

Scheme 1. Representation of the membrane electrode assembly (MEA) of an anion exchange membrane fuel cell 

(AEMFC), showing the operating principle. 
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Figure 1. Schematic illustration of OH− transport mechanisms in anion exchange membrane (AEM)[10]. 

In order to further clarify the transport mechanism of OH– in AEM, researchers have employed 

various technical methods to explore the kinetic process of OH– in AEM. For example, Chen et al. 

[11] constructed a multi-scale reaction molecular dynamics model using polyvinyl benzyl 

trimethylammonium (PVBTMA) as the research object. From the perspective of theoretical chemistry, 

the solvation structure and ion transport kinetics of OH– ions in PVBTMA membranes were studied. 

The research results indicate that in the fully hydrated state of PVBTMA, OH– is mainly transported 

from the overlapping regions between PVBTMA side chains, indicating that the transport mechanism 

plays a dominant role. Furthermore, it was confirmed that the activation energy of OH– diffusion in 

AEM is greater than that of proton diffusion in PEM, and increasing the temperature is more 

conducive to the transport of OH– in AEM. Dong et al. [12] investigated the OH– transport 

mechanism in non-block polymer poly (p-phenylene ether) AEM using active and inactive polarized 

molecular dynamics simulations. Research has shown that OH– mainly shuttles along sub nanometer 

wide water channels, and its mobility is significantly affected by “bottlenecks (narrow nodes)”. When 

OH– is transported through these narrow nodes, if it is a transport mechanism, partial dehydration 

of OH– is required, which requires higher activation energy and is thermodynamically 

disadvantageous; If it is the Grotes jump mechanism, OH– moves from one side of the bottleneck to 

the other, the loss of hydration structure can be ignored, and the activation energy is very small. The 

balance between the size distribution of the rich water area and the bottleneck is a key factor 

determining the dominant role of the transport mechanism or Grotes mechanism. Foglia et al. [13] 

used quasi-elastic neutron scattering technology to investigate the water, polymer relaxation, and 

OH– diffusion kinetics in commercially available Fumatech FAD-55 AEM, as well as their synergistic 

effects (Figure 2). Research has shown that water is unevenly distributed between the cathode and 

anode of an electrolytic cell, and the transport mechanism of OH– is largely determined by λ. Under 

the condition of complete hydration (λ = 13), the OH– shuttle process is mainly dominated by the 

transport mechanism, with the Grotes mechanism accounting for about 15% of the entire process, 

and the self-diffusion coefficient of moving particles in the solution is equivalent to the total diffusion 

coefficient of the membrane. When the degree of hydration decreases to λ = 7, due to the interaction 

between water and the polymer matrix, the self-diffusion coefficient is about 50% slower than when 

λ = 13. When λ ≤ 4 (at high current densities, λ can decrease to 1), the transport behavior of OH– 

mainly follows the Grotes mechanism. These research results not only contribute to a deeper 

understanding of the transport behavior of OH– in AEMs, but also provide guidance for the 

structural design of high-performance AEMs. 
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Figure 2. Schematic illustration of the main modes of OH−/H2O transport in different hydration regions of FAD-

55 membrane [13]. 

2.2. Performance Requirements for Anion Exchange Membranes 

The electrolytic performance of AEMWE largely depends on the performance of AEM, therefore 

high-performance AEM should meet the following conditions [43–47]: (1) High OH− ion conductivity 

helps to reduce the ohmic resistance of the electrolytic cell and improve battery efficiency; (2) Good 

alkali resistance stability ensures that the membrane material can operate for a long time without 

degradation under high temperature and strong alkali conditions; (3) Excellent dimensional stability, 

thermal stability, and mechanical strength enable the membrane to withstand higher pressure 

differentials; (4) Good gas barrier to avoid cross permeation of H2 and O2, which can cause battery 

performance degradation and safety issues; (5) Appropriate water absorption and swelling degree 

ensure the formation of continuous hydroxide ion transfer channels within the membrane, avoiding 

excessive swelling and loss of dimensional stability caused by excessive water content; (6) The cost 

of membrane raw materials is low, easy to process, and easy to prepare on a large scale. Among all 

the performance requirements mentioned above, stability is a prerequisite for AEM applications, and 

sufficiently high ion conductivity is the key to achieving high electrolysis performance [45,47–51]. 

The main parameters for evaluating AEM performance include ion exchange capacity (IEC), 

water absorption, swelling ratio λ, Ionic conductivity, alkali stability, H2/O2 gas permeability, and 

single-cell testing. Introducing more cationic groups into the AEM main chain is beneficial for 

improving IEC and ionic conductivity, but it can lead to an increase in water absorption and swelling 

ratio, affecting the size and mechanical stability of the membrane; highly stable cationic groups and 

polymer main chains can enhance the alkali stability of the membrane. 

3. Research Progress on Anion Exchange Membranes 

AEM is usually composed of two parts: cationic groups and polymer main chains. Cationic 

groups are functional groups connected to the polymer main chain, responsible for the conduction of 

OH− and determining the ion conductivity, water absorption, and swelling rate of AEM; The polymer 

backbone, as the main supporting material of the membrane, determines the dimensional stability 

and mechanical strength of the membrane [14]. Common cationic groups include quaternary 

ammonium cations, imidazole cations, quaternary guanidine cations, quaternary cations, and metal 

cations; The main chains of polymers include polyarylethers (such as polyphenylene ether, 

polysulfone, polyetheretherketone, etc.), and polyaryls without ether oxygen bonds (such as 

polyphenylene, polybenzimidazole, etc.). Arylimidazoles, polyfluorenes, etc.), polyolefins (such as 

polyethylene and cyclic olefin polymers), etc. (Figure 3) [15]. In recent years, researchers have done 
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a lot of research work to develop high-performance AEMs. The main research progress of AEMs is 

explained below from the design of cationic groups and polymer backbones. 

 

Figure 3. Structure of AEM, including the cation groups and polymer chains. 

3.1. Cationic Group Structure Design 

3.1.1. Quaternary Ammonium Cation 

Quaternary ammonium cations have the advantages of simple preparation, low cost, and high 

ionic conductivity, making them the most widely used cations in AEM. However, quaternary 

ammonium cations are prone to degradation in high-temperature and high alkaline environments, 

and the main degradation pathways are shown in Figure 4 [16]: (1) α - C is easily attacked by OH−, 

undergoes nucleophilic substitution reactions, and degrades into tertiary amines and alcohol by-

products; (2) β - H is attacked by OH− and undergoes. Hofmann eliminates the reaction and degrades 

it into olefins and tertiary amine by-products; (3) After being attacked by OH−, α - H forms an N-ylide 

intermediate, which then undergoes rearrangement (Sommelet Hauser and/or Stevens 

rearrangement) to produce more stable tertiary amines. In order to improve the alkali stability of 

quaternary ammonium cations, researchers usually introduce substituents with greater steric 

hindrance on the quaternary ammonium cations, which can effectively reduce the attack of OH− and 

improve the alkali stability of AEM. For example, Li et al. [17] introduced alkyl chains of different 

lengths onto quaternary ammonium ions using the Menshutkin reaction, which increased the steric 

hindrance effect around the quaternary ammonium ions, effectively weakened the attack of OH−, and 

inhibited the Hofmann elimination reaction. After soaking in 80 °C and 1 mol/L NaOH for 2000 h, 

the series of membranes still maintained acceptable mechanical properties. Marino and Kreuer [18] 

further investigated the alkali stability of quaternary ammonium cations containing different types 

of substituents at 160 °C and 10 mol/L NaOH solution. The results indicate that the stability of 

quaternary ammonium ions modified with electron donating groups is higher than that of quaternary 

ammonium ions modified with electron withdrawing groups. Quaternary ammonium ions with 

benzyl groups are more susceptible to attack by nucleophiles and have poorer stability. Meanwhile, 

heterocyclic substituted quaternary ammonium cationic groups such as N, N-dimethylpiperidine 

(hexagonal ring) and N, N-dimethylpyrrolidine (pentagonal ring) exhibit higher stability in alkaline 

solutions. Zhang et al. [19] also obtained similar results by combining experiments and density 

functional theory (DFT) calculations, that is, the contribution of substituents to the stability of 

quaternary ammonium cations from high to low is: electron donating groups, unsubstituted groups, 

and electron withdrawing groups. In addition, if β - C does not contain hydrogen atoms, it can 

effectively avoid the occurrence of Hofmann elimination reaction, which is beneficial for the stability 
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of quaternary ammonium cation groups. For example, Wu et al. [20] prepared a bis quaternary 

ammonium cationic group AEM without β - H through Cu (I) catalyzed azide alkynyl click chemistry 

reaction. After being immersed in a 2 mol/L NaOH solution (80 °C) for 480 h, the membrane exhibited 

excellent alkaline stability and high conductivity retention rate ( > 92%). 

 

Figure 4. Degradation mechanisms of quaternary ammonium cation group [16]. 

3.1.2. Imidazole Type Cations 

The imidazole cationic group has attracted widespread attention from researchers due to its 

simple synthesis method and strong structural designability [21]. Under alkaline conditions, 

imidazole cations are usually degraded through four pathways, which are closely related to the 

properties of the substituents (Figure 5) [22]: (1) When the C2 position is H, it is easy to degrade 

through ring opening reactions; (2) When H is present at positions C4 and C5, degradation occurs 

through heterocyclic deprotonation reaction; (3) When methyl or benzyl groups are attached to N1 

and N3, degradation occurs through nucleophilic substitution reaction mechanism; (4) When N1 is 

benzyl, it is degraded through deprotonation reaction with substituents. Based on the degradation 

mechanism of imidazole cations, researchers can effectively prevent the reaction between reactive 

ions in solution and imidazole cations by adding suitable substituents or modifying functional 

groups at different sites of imidazole cations, thereby enhancing the alkali stability of imidazole 

cations. Lin et al. [23] studied the effect of introducing methyl, isopropyl, and phenyl groups at the 

C2 position on the stability of imidazole cations using NMR. The results indicate that imidazole 

cations with substituents at the C2 position exhibit better chemical stability than those without 

substituents. This may be due to the steric hindrance effect and γ - π hyperconjugation effect of the 

substituted imidazole cation, which inhibits the attack of OH−. The results of DFT simulation 

calculations indicate that imidazole cations with the lowest unoccupied molecular orbital energy 

level have high chemical stability. Wang et al. [24] studied the effect of introducing methyl groups at 

C4 and C5 positions on imidazole cations. Due to the effects of electron supply and steric hindrance, 

the ionic conductivity and stability of imidazole cations have been improved. In addition to C4 and 

C5 substitution of imidazole rings, the alkali stability of imidazole cations may also be affected by N3 

substitution. By introducing alkyl substituents at the N3 position, such as Methyl, ethyl, and 

isopropyl groups were studied by Gu et al. [25] using DFT simulations to investigate the effects of 

different alkyl groups on imidazole cations. Compared with traditional quaternary ammonium 

cations, imidazole cations substituted at the N3 position exhibit higher chemical stability, with 
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isopropyl substituted imidazole cations showing the best stability and displaying the highest lowest 

unoccupied molecular orbital energy level. This is related to the increase in electron density of 

imidazole cations caused by the formation of hyperconjugation and electron donating effect after 

alkyl substitution, as well as the increase in steric hindrance of imidazole cations. Fan et al. [26] 

reported several imidazole cationic compounds with higher steric hindrance and conducted half-life 

tests in a 3 mol/L NaOD/D2O/CD3OD solution at 80 °C. The results showed that the half-lives of four 

highly hindered imidazole cations were all greater than 10000 h, and their stability was much higher 

than that of common quaternary ammonium cations and small-hindered imidazole cations. Although 

introducing substituents on imidazole cations can improve their stability in high-temperature 

alkaline solutions, the preparation process of this modification is complex and can affect the film-

forming ability and mechanical strength of AEM, which has certain limitations. 

3.1.3. Quaternary Guanidine Cation 

Quaternary guanidine cation was first applied in AEM in 2010 [27]. Research has found that 

under alkaline conditions, quaternary guanidine cations are mainly degraded through nucleophilic 

addition elimination (Figure 6), where the central C atom is attacked by OH− and undergoes an 

addition reaction to form an intermediate, followed by protonation of the N atom and elimination 

reaction to form degradation products urea and amine [28]. Therefore, introducing different 

substituents and increasing steric hindrance effect can enhance the stability of quaternary guanidine 

cations. Xue et al. [28] used 1H NMR to study the alkaline stability of a series of guanidine cations 

containing different N-substituted groups. They found that the contribution order of substituents to 

the stability of guanidine cations was: isopropyl > ethyl > benzyl > phenyl, ethyl > methyl > cyclobutyl. 

Quaternary guanidine cationic polysulfone AEM with this functionalization was prepared by Suzuki 

Miyaura reaction. After soaking the membrane in a 1 mol/L NaOH solution at 60 °C for 30 days, no 

degradation was observed, indicating that the quaternary guanidine cation AEM with large steric 

hindrance has excellent alkali stability. Subsequently, the author used brominated poly (2,6-

dimethyl) p-phenylene oxide and biguanide crosslinking agent to prepare AEM containing 

biguanide cation through Menshutkin reaction. The test results indicate that the AEM crosslinked 

with biguanide also has good tolerance to alkaline solutions and can effectively control the swelling 

of the membrane [27]. 

3.1.4. Quaternary Cations 

As a member of the same group of elements as N, P element has similar chemical properties to 

N element, so the quaternary cation AEM has long been of interest to researchers [29]. However, 

under alkaline conditions, quaternary cations are prone to undergo the phosphorite reaction, leading 

to the decay of AEM (Figure 7) [30]. In order to solve the problem of poor stability, researchers have 

conducted modification studies on quaternary cations using electron donating groups or large steric 

hindrance groups. For example, Noonan et al. [31] prepared AEMs with large steric hindrance of 

quaternary cations. After soaking the AEM in a 15 mol/L KOH solution at 22 °C for 20 weeks, there 

was no significant decrease in the ion conductivity of the membrane. After soaking in a 1 mol/L KOH 

solution at 80 °C for 3 days, the ion conductivity of AEM decreased from 22 mS/cm to 18 mS/cm, but 

no decrease was observed in the ion conductivity of the membrane after 19 days. Zhang et al. [32] 

prepared AEM by attaching 2, 4, 6-trimethoxyphenyl to quaternary cations. The membrane was 

immersed in a 1 mol/L KOH solution at room temperature for 30 days, with an ion conductivity of 

27 mS/cm. After soaking in a 1 mol/L KOH/(CD3OD+D2O) solution at 80 °C for 5000 h, the ion 

conductivity of the membrane decreased by about 20%, demonstrating good alkali stability. 
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Figure 7. Degradation routes of quaternary phosphonium cation group [30]. 

3.1.5. Metal Cations 

Due to the absence of nucleophilic substitution of organic cation groups, Hofmann elimination 

reaction, and Yehead reaction degradation pathways in metal cations, researchers have studied AEM 

based on metal-based cations [33]. The metal cations formed by transition metals and complexes, 

such as ruthenium triphenylpyridine [34], nickel triphenylpyridine [35], and cobalt ferrocene [36], 

exhibit excellent alkaline stability and ionic conductivity. Liu et al. [37] reported a ferrocene 

functionalized AEM, which showed no significant decrease in ion conductivity after soaking in a 1 

mol/L NaOH solution at 95 °C for 4320 h. However, considering the redox stability of transition metal 

cations, metal cations formed by the coordination of main group metals and ligands are applied in 

AEM. Chen et al. [38] prepared AEM containing sodium metal cations based on Na+ and ligand 

benzo-15-crown-5. After soaking the membrane in 4 mol/L NaOH at 60 °C for 10 days, the decay rate 

of ion conductivity was only 2.5%, demonstrating good alkali stability. Zhang et al. [39] studied AEM 

based on ligand [2.2.2] ether complexation with metal Ba2+. The test results showed that the AEM did 

not show significant degradation after soaking in a 15 mol/L KOH strong alkaline solution at 60 °C 

for 1500 h, demonstrating excellent alkaline stability. However, due to the complex preparation 

process, difficult grafting, and high cost of metal cations, their application in AEM is limited. 

3.2. Polymer Main Chain Design 

3.2.1. Polyarylether Based Main Chain 

The main chain of polyarylene ether polymers has strong hydrophobicity, which can reduce the 

probability of degradation when in contact with OH− and exhibit strong alkali stability. This type of 

polymer backbone also has the advantages of excellent thermal stability, good mechanical properties, 

and low preparation cost, and has received widespread attention from AEM researchers. At present, 

the strategies for modifying the main chain of poly (arylene ether) include cationic functionalization, 

crosslinking, copolymerization, etc. 

Due to the presence of benzene rings and ether bonds on the main chains of polyphenylene 

ether, polyether sulfone, and polyether ether ketone, it is easy to prepare AEMs containing different 

cations by introducing halide sites through alkylating reagents. As Zhu et al. [40] used the 

bromination reagent N-bromosuccinimide to undergo a free radical reaction with polyphenylene 

ether, introducing bromination sites at the benzyl group. Then, a series of quaternary ammonium 

functionalized polyphenylene ether AEMs were prepared by Menshutkin reaction with 

trimethylamine or imidazole. Liu and Wang [41] prepared a quaternary ammonium ion AEM 

membrane based on polyether sulfone by reacting the phenyl ring of polyether sulfone with 

triethylamine and introducing a quaternary ammonium cation. They found that the degree of 

chloromethylation was closely related to the physical and chemical properties of the membrane. 

The use of crosslinking agents to crosslink the main chain of polyarylether polymers through 

side chains can effectively improve the water absorption, ion conductivity, dimensional stability, and 

mechanical strength of AEM. However, excessive crosslinking can lead to a decrease in membrane 

flexibility. Bai et al. [42] introduced N, N-dimethylallylamine and N-allylmethylamine containing 
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unsaturated double bonds as side chains onto the main chain of polysulfone, and then prepared 

polysulfone based AEM by heating induced crosslinking. The research results confirm that the 

membrane not only improves mechanical/dimensional stability, but also enhances ion conductivity. 

Sung et al. [43] reported a series of hydrophilic crosslinking agents such as dimethylaminoethyl ether. 

Block copolymerization is a new method that can effectively improve ion conductivity. By 

connecting polyphenylene ether, polyether sulfone, and polyether ether ketone with other monomers 

through chemical bonds to form block copolymers, the ion conductivity and dimensional stability of 

the membrane can be effectively regulated. Choi et al. [45] synthesized a copolymer AEM membrane 

using polyphenylene ether and hydrogenated styrene butadiene, and investigated the effect of 

triazole on the membrane. The results of X-ray diffraction and atomic force microscopy show that 

compared with the copolymer film without triazoles, the copolymer AEM film prepared with 

triazoles has better OH− conductivity, mechanical stability, and alkali resistance due to rapid phase 

separation, and exhibits higher current density at 1.8 V. These changes may be related to the strong 

hydrogen bonding between triazoles and water/OH− Within the block copolymer, due to the presence 

of hydrophilic/hydrophobic microphase separation morphology, ion transport channels can be 

formed, which is beneficial for improving ion conductivity. 

Preparation of quaternized AEM based on polyphenylene ether crosslinking (Figure 8). The test 

results showed that the series of membranes achieved the highest ion conductivity of 131.96 mS/cm 

in 80 °C water, and the peak power density of the single cell was 444 mW/cm2 (677 mA)/cm2@0.6 V) 

However, while hydrophilic crosslinking agents provide high water absorption capacity to improve 

the conductivity of AEM, they also lead to the formation of polymer film crystals, reducing the alkali 

stability of AEM. In order to further investigate the effect of crosslinking agent content on membrane 

properties, Kumari et al. [44] used ethylene glycol (PEG) as a crosslinking agent to prepare 

quaternized polyetherketone based (QPPEEK) AEMs with different crosslinking agent contents. The 

research results show that the mechanical properties and ion conductivity of the membrane can be 

adjusted by the mass fraction of QPPEEK and PEG components. When the mass ratio of QPPEEK to 

PEG is 80:20, the membrane exhibits the best performance with an ion conductivity of 102 mS/cm (80 

°C) and a tensile strength of 13.7 MPa. After being treated in a 1 mol/L KOH solution at 80 °C for 400 

h, the AEM still maintained 85% of its initial conductivity. 

 

Figure 8. Structure of the AEM crosslinked with polyphenylene oxide [43]. 
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Figure 9. The structure of multi-block poly (ether sulfone) AEM [46]. 

Although polyarylether based main chains exhibit excellent performance in terms of preparation 

cost, alkali/thermal stability, and mechanical strength, and some of their properties can be further 

improved through modification, the presence of aromatic ether bonds in the polymer skeleton makes 

it easy for the main chain to degrade under alkaline conditions when attacked by OH−, resulting in a 

decrease in mechanical strength [47]. In addition, if the main chain of polyaryletheric ether contains 

electron withdrawing cationic groups, it can accelerate the degradation of the main chain [48]. 

Therefore, researchers have begun to focus on the development of ether oxygen bond free polymer 

main chains. 

3.2.2. Non Ether Oxygen Bonded Aromatic Main Chain 

The main chain of aromatic polymers without ether oxygen bonds has the advantages of good 

alkali stability, high structural rigidity, excellent dimensional stability, and high thermal stability. 

Polymers containing non-ether oxygen bonded aromatic main chains mainly include polyphenylene, 

polybenzimidazole, polyarylimidazole, and polyfluoranthene. Park et al. [49] prepared quaternized 

polyphenyl AEM via Diels Alder reaction and investigated the effect of different side chain lengths 

on alkali stability. The research results indicate that quaternary ammonium polyphenyl AEM, which 

is separated from the main chain by 6 methylene groups, exhibits better alkali stability in a 4 mol/L 

KOH solution at 80 °C. 

Sana et al. [50] converted three different types of polybenzimidazole polymers into their iodide 

forms through the reaction of imidazole ring and alkyl iodide reagents (such as methyl iodide, butyl 

iodide, and isobutyl iodide), and then immersed them in KOH solution to obtain polybenzimidazole 

based AEM (Figure 10). The effects of different alkyl side chains on the IEC, ionic conductivity, 

thermal, mechanical, and alkaline stability of the obtained polybenzimidazole based AEM membrane 

were investigated. finding. This indicates that AEM with alkyl side chains has good alkaline stability 

and higher ion conductivity. Among them, the AEM membrane with butyl iodide as the alkyl side 

linking branch showed the highest ion conductivity of 128.6 mS/cm at a temperature of 80 °C. All 

polybenzimidazole based AEMs containing isobutyl and butyl side chains exhibit excellent alkali 

stability in a 5 mol/L KOH aqueous solution at 60 °C. This is mainly due to the presence of alkyl side 

chains, which prevent OH− from attacking the pyridine and imidazole ion groups. 

With the use of superacid catalyzed condensation reactions for the preparation of ether free 

aromatic AEMs, it has received widespread attention from researchers. This reaction is catalyzed by 

superacids, where the carbonyl group is protonated and then used as an electrophilic reagent to 

attack the aromatic ring, leading to alkylation and the formation of ether free aromatic polymers. 

Chen et al. [51] synthesized a series of poly (fluorene co terphenyl N, N’- dimethylpiperidinium) 

PFTP-x copolymers using superacid catalyzed condensation reaction at -3 °C, with AEM (where x is 

the molar ratio of fluorenylpiperidine segments in the copolymer). PFTP-x membrane not only has a 

simple synthesis process, but also has excellent ion conductivity, mechanical/dimensional stability, 

dimensional stability, and excellent film-forming ability, among which PFTP-13 has the best 

comprehensive performance. The mechanical/dimensional stability of PFTP-13 AEM is excellent, 

with a tensile strength of up to 84.6 MPa, a Young’s modulus of 1580 MPa, and a fracture elongation 

of only 25.6%. It is also easy to produce films with a thickness of 7-20 μm. After soaking in 1 mol/L 
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NaOH at 80 °C for 2000 h, the PFTP-13 membrane still maintains transparency and good mechanical 

toughness, with a loss rate of only 3% of the ion conducting group piperidinium, and its ion 

conductivity is as high as 208 mS/cm. Further research results indicate that the fluorene chain 

segment can improve the water channel and microphase separation morphology of PFTP-x, which is 

beneficial for enhancing the size stability and conductivity of the membrane. Hu et al. [52] prepared 

a series of poly (arylpyridine) (PTP) materials as AEMs for electrolytic cells using triphenylene, N-

methyl-4-piperidone, and indigo carmine as raw materials, catalyzed by superacid 

trifluoromethanesulfonic acid (TFSA) and quaternized with methyl iodide (Figure 11). The polymer 

skeleton of this PTP material exhibits excellent alkali stability and strong mechanical properties 

(tensile strength reaches 29.2-36.5 MPa). The highest ion conductivity of PTP-90 membrane material 

obtained at 80 °C was 128.9 mS/cm; After treatment in a 1 mol/L NaOH solution at 80 °C for 934 h, 

the ion conductivity retention rate was 60%. Using an electrolytic cell equipped with PTP-90 

membrane for testing, it was confirmed that the current density of the battery at 55 °C and 75 °C 

reached 910 mA/cm2 and 1000 mA/cm2, respectively, at a voltage of 2.2 V. Further durability testing 

revealed significant chemical degradation of the PTP-90 membrane after continuous electrolysis at 

400 mA/cm2 and 55 °C for 120 h. This is mainly related to the degradation of quaternary ammonium 

cationic groups through Hofmann elimination reaction and nucleophilic substitution reaction, as well 

as the possible acceleration of the degradation of cationic groups in AEM by the working 

environment of the electrolytic cell. From this, it can be seen that further research is needed on the 

durability of AEM in electrolytic cells under actual operating conditions. 

 

Figure 10. Synthesis of polybenzimidazole AEM [50]. 
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Figure 11. Synthesis of poly [(terphenyl piperidinium)-co-(oxindole terphenylylene)](PTP) AEM [52]. 

With the use of superacid catalyzed condensation reactions for the preparation of ether free 

aromatic AEMs, it has received widespread attention from researchers. This reaction is catalyzed by 

superacids, where the carbonyl group is protonated and then used as an electrophilic reagent to 

attack the aromatic ring, leading to alkylation and the formation of ether free aromatic polymers. 

4. Conclusions and Prospect 

AEMWE technology combines the advantages of AWE and PEMWE technologies, such as lower 

catalyst costs, high working current density, and wider load operating range, and has great 

application prospects in large-scale green electrolysis of water for hydrogen production. As one of 

the core components of the AEMWE electrolysis water device, high-performance AEM, which has 

high OH− conductivity, good alkali stability, excellent chemical and mechanical stability, good gas 

barrier performance, and low preparation cost, is the key to achieving efficient hydrogen production 

and long-term operation of the electrolysis water device. This work provides an overview of recent 

studies by domestic and foreign researchers on the transport mechanism of OH−, as well as the 

degradation of cationic groups and main chains; summarized the modification design of different 

cation types and polymer skeleton structures, as well as their application progress in the field of 

AEMWE, providing insights for future researchers. At present, significant progress has been made 

in the research of AEM materials, but there are still many challenges to overcome in order to achieve 

the industrial application of AEM membranes in AEMWE: 

(1) The issue of balancing OH− conductivity with mechanical/dimensional stability. Compared to 

H+, OH− has a larger size and lower diffusion rate, with a diffusion rate only about half that of 

H+. This inherent difference itself determines that preparing AEM with high ion conductivity is 

more challenging compared to PEM membranes. Secondly, when AEM operates in an air 

environment, OH− may react with CO2 in the air, producing carbonates or bicarbonates that can 
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also affect ion conduction. In addition, most AEMs rely on increasing IEC to improve ion 

conductivity, but this inevitably sacrifices size/mechanical stability, leading to excessive 

membrane expansion under fully humidified conditions. 

(2) Alkali stability issue. Due to the long-term operation of AEMWE electrolysis cells under high 

temperature and strong alkali conditions (60-80 °C), the presence of strong nucleophilic OH− 

poses higher requirements for the alkali resistance and electrochemical stability of cationic 

groups and polymer main chains. By modifying the cation and polymer backbone, the alkali 

stability of AEM has been improved to a certain extent. However, the stability of AEM under 

actual working conditions still faces challenges. 

(3) The issue of preparation cost. Although high-performance AEMs can be prepared through 

functionalization, cross-linking, and copolymerization, the complexity of raw materials and 

synthesis processes results in high preparation costs, limiting their applications. 

Therefore, future research on AEM can be carried out from the following aspects: designing new 

alkali resistant and stable cationic groups and polymer backbones, and exploring the intrinsic 

mechanism of the influence of polymer backbones on the stability of cationic groups; Explore various 

strategies such as crosslinking, block copolymerization, side chain grafting, and composite 

membrane technology to construct efficient ion transport channels and further enhance the ion 

conductivity of AEM; Explore the degradation mechanism of AEM materials under actual working 

conditions, and provide theoretical guidance for designing AEM membranes that meet practical 

application needs. 
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