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Chapter 1  
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water electrolysis 
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1.1 Introduction 

Energy, materials, and information are the cornerstones of human civilization and 

social development. Generation and utilization of energy by human beings have 

always run through the process of human reproduction and evolution. From the 

discovery of fire to the Industrial Revolution in the 18th century, human mainly relied 

on burning branches and weeds for energy to heat food, resist the cold, and burn 

pottery or metal products. The invention of the steam engine has made coal the 

primary energy source of mankind. The prosperity and development of the 

metallurgical industry, transportation, and other industries have prompted humanity 

to increase the exploitation of fossil resources. After the Second World War, the 

proportion of oil and natural gas utilization gradually increased, and many countries 

increased their efforts to explore and exploit it. Since then, fossil fuels, dominated 

by coal, oil, and natural gas, have driven significant social change and brought 

immeasurable value to human beings, which in turn increased the demand for fossil 

fuels, regardless of potentially adverse consequences. Fossil fuels, as non-renewable 

energy sources, are limited in the earth's crust, and overexploitation will inevitably 

lead to the depletion of resources. At the end of the 20th century, forced by the 

increasing environmental pollution, society began to realize the harm caused by the 

excessive utilization of fossil fuels to the global environment, such as the greenhouse 

effect, acid rain, atmospheric particulate matter pollution, etc.1,2 Therefore, an 

alternative energy resource is strongly required to reduce the increased use of fossil 

fuels and mitigate the associated environmental problems.3  

Hydrogen is one of the most sustainable and clean energy carriers to replace fossil 

fuels. It has an energy density of 120 kJ g-1, which is about three times that of 

gasoline, 3.9 times that of alcohol, and 4.5 times that of carbon.4 As a clean-burning 

fuel, hydrogen has been applied in fuel cell systems, enabling the conversion of 

chemical energy directly into electric energy.5 Compared to the traditional 

technologies based on fossil fuel, the utilization of hydrogen in the field of fuel cells 
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could significantly reduce air pollution and mitigate greenhouse problems. Besides, 

the conversion efficiency of hydrogen energy in the fuel cell device (~70%) is much 

higher than that of the fossil fuel sources.6 Thus, the utilization of hydrogen instead 

of fossil fuels could contribute to a human and environmentally friendly world.  

Currently, most of the commercially available hydrogen is produced from natural 

gas reforming, coal and biomass gasification, and green liquid fuels reforming. 

These processes generate massive amounts of greenhouse gas and atmospheric 

pollutants.7 To make hydrogen economically competitive with fossil fuels, research 

on efficient and cost-effective hydrogen generation by water electrolysis has 

received considerable attention. During the process of electrolysis, water is split into 

H2 and O2 via the electrochemical reaction using electricity. Water electrolysis 

provides a fast and convenient route to generate highly purified hydrogen from water 

and electricity and enables the elimination of greenhouse gas emissions.8  

There are mainly three membrane-based processes for water electrolysis: alkaline 

water electrolysis (AWE), proton exchange membrane water electrolysis (PEMWE), 

and anion exchange membrane water electrolysis (AEMWE). AWE has the lowest 

cost compared to the other electrolysis since it uses cheap metal electrodes (Fe- or 

Ni-based catalyst). In practice, this kind of electrolyzer uses highly concentrated 

potassium hydroxide (20~30 wt%) as the liquid electrolyte, which risks electrolyte 

leakage and corrosion problems. Besides, an AWE uses a porous diaphragm, e.g. 

Zirfon, as the separator between electrode compartments to isolate the hydrogen and 

oxygen gases and prevent the contact of cathode and anode.9 Still, it suffers from 

low hydrogen production efficiency, reduced voltage efficiency, and gas crossover 

problem.7 Another type of commercialized electrolyzer is based on proton exchange 

membranes (PEMs). The solid polymer material PEM is a crucial component of a 

PEMWE. Perfluorosulfonic acid (PFSA) membranes (e.g. Nafion, Fig.1.1) are the 

most commonly used PEMs for PEMWE. Unfortunately, the use of expensive 

Nafion membrane definitely increases the cost of H2 production. Besides, the 
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PEMWE operates under an acidic environment and relies on costly noble metal (e.g. 

Pt, Ir) as electrocatalysts, further increasing the cost of H2 production and limiting 

large-scale H2 production applications. Anion exchange membranes (AEMs) 

electrolyzers are developed to overcome the disadvantages of AWE and PEMWE. 

Same as AWE, AEMWE can use inexpensive non-noble metal electrocatalysts (e.g. 

Ni, Cu), but more simple electrolyte (use low concentrated alkaline solution or 

distilled water to replace high corrosive electrolyte), cheap membranes and 

construction materials. This helps to solve the issue of leakage of alkaline 

electrolytes and reduce the cost of elelcrolyzer. At the same time, AEMWE can 

sustain high current densities comparable to PEMWE.7,10,11Thus, AEMWE has great 

potential to further decrease the cost of H2 production using electrolysis technology.  

 

Fig. 1.1 The chemical structure of Nafion. 

1.2 The working principle of AEMWE 

An AEMWE mainly consists of an AEM and two electrodes, as illustrated in Fig. 

1.2.7 In general, the process of water electrolysis is the reversal of fuel cell 

technology. Pure water or dilute alkaline electrolyte solution (e.g. K2CO3, NaOH, or 

KOH) is typically used in both anode and cathode chamber. The AEM in the middle 

of the electrolyzer is a selective medium to transport OH− and separate the anode 

and cathode compartment. The hydrogen evolution reaction (HER) occurs at the 
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cathode during the water electrolysis process. H2O is converted into H2 gas and OH− 

ions at the cathode by combining electrons. The OH− ions are transported toward the 

anode through the AEM and converted into water and O2 gas via the oxygen 

evolution reaction (OER), while releasing electrons.  

 
Fig. 1.2 Schematic diagram of the AEMWE. 

The overall electrochemical reactions in AEMWE are as follows: 

Cathode reaction:        2 H2O + 2 e− → H2 + 2 OH−  E0 = -0.828 V  

Anode reaction:           2 OH− → 1/2 O2 + H2O + 2 e−  E0 = 0.401 V 

Overall reaction:     H2O → H2 + 1/2 O2  E0 = 1.23 V 

1.3 AEMs for water electrolysis 

As a crucial component of AEMWE, the AEMs play an essential role in 

determining the electrolysis performance and long-term stability of the electrolyzer. 

The primary function of AEM is to separate the anode and cathode compartment and 

enable the transportation of OH− ions from the cathode to the anode.12 Some specific 

requirements of AEMs are shown in Fig. 1.3 for the application in AEMWE.13  
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(1) High OH− conductivity. An intrinsic conductivity of higher than 100 mS cm-1 

under working condition is suggested to obtain sufficient electrochemical 

performance.14  

(2) Robust chemical stability (e.g. alkaline stability, thermal stability, and oxidative 

stability). AEMs work under harsh alkaline conditions, so they should have the 

ability to tolerate alkali at elevated temperatures.  

(3) Good mechanical properties. The membrane should have good tensile strength 

and toughness to withstand the pressure on both sides of the membrane，and to 

prevent deformation or rupture of the membrane during use. 

(4) Low manufacturing cost. The cost of the AEMs would be conducive to 

industrialized large-scale production.  

(5) Low gas permeability.  

 
Fig.1.3 The properties and requirements of an AEM for AEMWE applications. 

1.3.1 Commercialized AEMs for water electrolysis 

So far, several kinds of AEMs have been reported for water electrolysis. Currently, 

commercialized AEMs such as A-201 (Tokuyama), FAA-3-based membranes 

(Fumatech), Ionomer (Aemion), Sustainion (Dioxide materials), Orion TM1 (Orion 
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Polymer), etc. are widely used for water electrolysis.15 For example, A-201 

demonstrated a high conductivity of 32 mS cm-1 at 30 °C. It could achieve a current 

density of 399 mA cm-2 at 1.8 V when assembled in an AEMWE running with 

deionized water at 50 °C (Fig. 1.4a).16 Besides, Pavel et al.12 found that electrolysis 

based on A-201 membranes with non-platinum (PGM) catalysts (like Ni, Fe, or Co) 

has been operated for 1000 h, confirming its high chemical and mechanical stability. 

The relatively low-cost Fumasep FAA-3-PP-75 membrane, which is composed of 

quaternary ammonium-functionalized polyketone-based polymer materials, is also a 

potential candidate for AEMWE. Lim et al.17 found that the FAA-3-PP-75 based 

AEMWE supported a current density of 983 mA cm-2 at 1.8 V (90 °C) using standard 

noble metal catalysts. At the same testing conditions, Vincent et al.18 reported that 

FAA-3-PP-75 and A-201 could be operated stably for at least 200 h, as shown in Fig. 

1.4b, whereas supported FAA-3 already failed within a few hours. This is caused by 

the FAA-3 becoming mechanically weak due to strong swelling, indicating that the 

AEMWE system stability strongly depends on the type of AEMs and mechanical 

property is a big issue for AEMs applied in water electrolysis. Even though, Carbone 

et al.19 investigated the performance of an FAA-3-50-based AEMWE using a non-

noble NiMn2O4 catalyst can operate at 50 °C for 1000 h. The target stability 

requirement for AEMs in the NEWELY project is that the membrane area-specific 

resistance should be ≤ 0.07 Ω cm2 after 2000 h of actual or simulated operation in 

an electrolyzer.15 

Dioxide material’s Sustainion® AEMs20 (1-methyl imidazole (MIM) 

functionalized polystyrene (PS) and poly(vinyl benzyl chloride) (PVBC)) are 

considered promising materials for AEMWE due to their high current density with 

the use of non-PGM catalysts and improved long-term performance for AEMWE 

applications. As shown in Fig. 1.4c, the Sustainion® AEMs with 

polytetrafluoroethylene (PTFE)-supported or reinforced with zirconium oxide 

nanoparticles, to some degree, enhance the mechanical and chemical stability.21 But 
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the thick membrane resulted in a high ohmic resistance.15 Despite the decent 

performance of these commercial AEMs, they still do not fulfill all the requirements 

for AEMWEs.  

 
Fig. 1.4 Long-term performance of commercialized AEMs based water 

electrolysis (a) Tokuyama-A-201: tested with noble catalysts in deionized water at 

50 °C, Adapted with permission from ref. 16. Copyright 2012 American Chemical 

Society. (b) A-201, FAA-3-PP-75, and FAA-3: tested with Ni-based catalysts in 

1% K2CO3 at 60 °C, Adapted with permission from ref. 18. Copyright 2017 

Elsevier. and (c) Sustainion membranes: tested with Ni-based catalysts in KOH 

solution at 60 °C, Adapted with permission from ref. 21. Copyright 2021 Elsevier. 

1.3.2 Other AEMs for water electrolysis 

In addition to commercial AEMs, functionalized polymeric material AEMs based 

on polysulfone,22 poly(vinyl benzyl chloride),23 polystyrenes,24 polyaromatics, 

etc.25,26 are recently explored for applications in AEMWE. Cationic groups like 

quaternary ammonium or imidazolium are typically attached to the polymer 
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backbones to fabricate the AEMs. Zhuang’s group27 developed an AEMWE using 

self-crosslinking quaternized polysulfone and non-precious metal catalysts. A 

current density of 400 mA cm-2 was achieved at 70 °C with a cell voltage of 1.8-1.85 

V using pure water as electrolyte. A series of AEMs based on functionalized 

polysulfone with three different cationic groups (quaternary ammonium and 

imidazolium groups) were fabricated by the group of Ramani to studied the effect of 

cations on AEMWE performance.28 Their study showed that the 

trimethylammonium functionalized polysulfone based AEMWE had the highest 

performance. The current density of 400 mA cm-2 was obtained at 1.8 V, working 

with ultrapure water at 50 °C. However, the corresponding electrolyzer showed poor 

long-term stability due to the degradation of membrane materials. The reason is that 

the sulfone linkage is an electron-withdrawing group which has a negative effect 

on the chemical stability of the AEMs.29 Besides, the cationic groups close to the 

polysulfone backbone may trigger the degradation reaction.30 The low alkaline 

stability of imidazolium ions is also a challenge. Feng et al.36 showed that 15% of 1-

benzyl-2,3,4,5-tetramethylimidazolium ions were lost after 15 days in 4 M 

KOH/deuterated water and methanol solution at 80 °C. Low-density polyethylene-

based AEMs were prepared by UV-induced grafting of vinyl benzyl chloride and 

quaternization with 1,4-diazabicyclo(2.2.2)octane by Pucci’s group.31 The 

corresponding AEMWE showed better electrolysis performance than when using a 

commercial membrane from Tokuyama. A constant hydrogen production rate of 

about 30 cc min-1 over more than 500 h was obtained with an MEA (membrane 

electrode assembly) area of 5 cm2 at a constant current density of 460 mA cm-2 at 

45 °C, using 1 wt% K2CO3 as electrolyte. However, it still had a difficulty with long-

term stability, especially for the polymer backbones and charge groups, which need 

to be further addressed for the commercialization of AEMWE applications.  
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Fig. 1.5 (a) Chemical structure of ether-bond free backbone polymers, (b) 

durability of HTMA-DAPP cell, and (b) the cell durability test with different 

ionomer combinations. Adapted from ref. 34. 

Recent research found that AEMs with ether-bond free backbones (like 

poly(aromatic), poly(olefin)) remain stable while AEMs contain aryl-ether bonds 

(like poly(sulfone), poly(ether ketone)) degrade severely under alkaline condition.32 

Yan et al.33 developed a series of folded ether-free poly(arylene piperidinium) AEMs. 

The AEMs showed a high conductivity of 37 mS cm-1 at 30 °C and the corresponding 

electrolysis cell demonstrated a high current density of about 1 A cm-2 at 2.5 V when 

fed with 1 M KOH at 50 °C. The durability test was carried out at a current density 

of 200 mA cm-2, confirming good electrochemical stability, where the voltage was 

hardly changed for 500 h. A systemically performance and durability test of 

polymers with ether-bond free backbones were investigated by Kim’s group.26,34 The 

electrolysis was run at a current density of about 1 A cm-2 at 2 V when fed with 1 

wt% K2CO3 solution.26 The chemical structures of these polymers are shown in Fig. 

1.5a. Their study showed the best cell performance was achieved based on 

poly(phenylene) (HTMA-DAPP) membranes with a poly(fluorene) (FLN55) 

ionomeric binder. The durability of HTMA-DAPP AEM in Fig. 1.5b shows a stable 
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cell performance with a voltage increase rate of ~1 μV h-1. There are no signs of 

cross cell leakage or electronic-short failures for currents up to 2 A cm-2. However, 

the studies demonstrated the ionomeric binders or polymer solutions have 

completely opposite influence on the AEMWE performance than the polymer 

membranes. As shown in Fig. 1.5d, the AEMWE employing trimethyl 

alkylammonium functionalized poly(styrene-ethylene-b-styrene)triblock copolymer 

(SES-TMA) AEM with an FLN55 ionomer showed a more stable performance than 

with the HTMA-DAPP ionomer.34 This is the catalysts poisoning caused by the 

electrochemical oxidation of the adsorbed phenyl group when ionomer conations 

more benzene rings, as shown in Fig. 1.5c. The studies showed that the remarkable 

thermochemical alkaline stability of quaternized aryl ether-free polyaromatics as 

backbone which makes them promising candidates, particularly for high performing 

AEMWEs. While the polyolefin as backbones are reported to have inferior alkaline 

stability than aryl ether-free polyaromatic backbones, but higher performance as 

ionomers.35,37 Thus, for future development of AEMWE, AEMs with ether-bond 

free backbone, and ionomer design based on polyolefin combined with the 

investigation of ionomer and catalyst interactions are urgently needed. Besides, other 

novel techniques, such as blend, crosslinking, and grafting are investigated to further 

improve the performances of ether-free AEMs.  

1.4 Applications of AEMs other than water electrolysis 

There is an increasing worldwide interest in applying AEMs other than in 

AEMWEs. Many membrane-based systems such as redox flow batteries (RFBs), 

alkali metal-air batteries (AMABs), reverse electrodialysis (RED), electrodialysis 

(ED), diffusion dialysis (DD), microbial fuel cell (MFC), and other applications all 

can use AEMs as an alternative to PEMs or porous diaphragms. However, each 

application has their unique demands and opportunities for AEMs. The role and 

development of AEMs in these applications are discussed in Appendix A. The 
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working principle and significant progress of AEMs in these devices are provided. 

Besides, main challenges and perspectives are also presented for the further 

development of AEMs in these applications.  

1.5 Perceived problems with the use of AEMs 

Although researchers have designed and investigated many novel AEMs, as 

discussed above. There is still a gap in the performance of the alkaline-stable AEMs 

to attain widespread applications and commercialization for water electrolysis. Here 

lists two mainly challenges for AEMs: low OH− conductivity (especially for the 

AEM with low ion exchange capacity (IEC)) and poor stability under alkaline 

conditions (especially for the AEM with heteroatom).29 

1.5.1 Ionic conductivity 

Compared to PEMs, the main reasons for the lower conductivity of AEMs are the 

lower mobility of OH− that compared to H+ and the lower levels of ammonium 

hydroxide groups dissociation.14 To offset the lower mobility, the most direct way 

to improve the conductivity is to increase the IEC of the AEMs. This could lead to 

high water uptake and high membrane swelling, which further results in poor 

mechanical properties of the AEMs. Therefore, solving the “trade-off” effect 

between ionic conductivity and dimensional stability is crucial for developing high-

performance AEMs. One optimal strategy to overcome these issues is to fabricate 

crosslinking networks in the membrane and thereby improve their dimensional 

stability and mechanical properties. The crosslinker structures, crosslinking methods, 

and crosslinking degree all have an effect on the performance of AEMs. For example, 

a high crosslinking density will increase the internal stress of the AEMs and make 
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them brittle. Therefore, the crosslinking density of the AEMs needs to be maintained 

within a reasonable range. 

A self-aggregating design allows for the aggregation of hydrophilic/ionic domains, 

thus increasing the local ion concentration and forming an excellent microphase-

separated ion channel. This also effective strategy improves ionic conductivity 

without affecting mechanical stability. Therefore, fabricating AEMs with a distinct 

micro-phase separation structure is greatly required for achieving highly efficient 

ionic conductivity.  

1.5.2 Alkaline stability 

Another challenge for the AEMs concerns the stability at high pH and elevated 

temperature (in the presence of nucleophilic OH− ions).34 Generally, AEMs are much 

less stable under alkaline conditions than PEMs under acidic conditions. The 

cationic groups and polymer backbones (especially of the cationic head-groups) 

might be attacked by the nucleophilic OH− and result in degradation of cations or 

breakage of the backbone.30,38  

 

Fig. 1.6 (a) Aryl ether cleavage of quaternized aryl ether-containing polymer 

backbone and (b) the comparison of the polymer backbone stability of various 

polyaromatics. Adapted with permission from ref. 37. Copyright 2018 Royal 

Society of Chemistry. 
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In previous investigations, researchers found that the membrane containing an 

electron-withdrawing cation adjacent to the polymer backbone triggers C–O bond 

breakage, as shown in Fig. 1.6.37 The degradation becomes even more severe when 

the adjacent phenyl ring contains electron-withdrawing substituents.40 The 

degradation of polymer backbones, leading to chain scission, decreases the 

molecular weight and mechanical properties. Thus, C–O linkages and phenyl ring 

with other electron-withdrawing substituents should be avoided when designing 

novel AEMs. Recently, aryl ether-free polyaromatics based AEMs have attracted 

significant attention since the aryl ether-free backbone is confirmed to be stable 

under alkaline conditions.37 This provides guidance for designing AEMs with good 

alkaline stability.  

 
Fig. 1.7 Comparative alkaline stability of the most investigated cycloaliphatic 

QAs in the literature. The inset (left below) shows the comparable alkaline stability 

data obtained by normalization of the BTMA alkaline stability value (the relative 

alkaline stability of BTMA is set to 1). The alkaline stability data shown are 

adopted from ref. 41 (data shown on the left) and ref. 43 (data shown on the right). 

Note that the comparative alkaline stability of some cations remains in dispute. 

Adapted with permission from ref. 42. Copyright 2021 Springer Nature. 
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Another essential concern are the stability of cationic groups and their connections 

to the backbone under alkaline condition. There are several kinds of cationic groups 

utilized in AEMs, including quaternary ammonium salts, guanidine salts, sulfonium 

salts, imidazolium salts, quaternary phosphonium salts, pyridinium salts, etc. The 

degradation mechanism of cationic groups has been well-documented, including 

nucleophilic substitution at α‒carbon, Hofmann elimination, ylide formation at β‒

hydrogen, and so on.11,29,32,39 Fig. 1.7 shows the stability comparison of various 

cationic groups.41,42,43 According to the investigations, only a few cationic groups 

have shown promise regarding alkaline stability. Cationic groups with electron-

donating substituents like the N-spiral ring or long alkyl chains could maintain good 

alkaline tolerance. Besides, cations that exploit delocalization and steric shielding of 

the positive core to prevent hydroxide nucleophilic attack have been explored for 

innovative approaches to stable materials.  

1.6 Scope and outline of the thesis 

With the increasing depletion of fossil fuels, the energy conversion and storage 

devices based on AEMs such as water electrolysis for hydrogen production have 

attracted more and more attention. As a critical component of anion exchange 

membrane-based water electrolysis, AEMs have not met the practical application 

requirements due to their poor conductivity and alkaline stability. Although a high 

conductivity can be achieved by constructing microphase separated morphologies, 

AEMs still suffer from degradation due to the inherent problems of side reactions 

such as Hoffman elimination of quaternary ammonium cation groups under alkaline 

conditions.44 Designing AEMs with preferential ion transport properties, limited 

swelling, and robust alkaline stability is still a great challenge today. The chemical 

composition of the polymers may has great influences on the fine-tuning of ion 

transport capabilities and produce membranes with other desirable qualities, such as 

chemical and dimensional stability.45 Therefore, from the perspective of molecular 
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structure design, this thesis presents the design of a series of poly(arylene 

piperidinium) polymers with stable N-cyclic cationic groups and crosslinking 

structures to improve the comprehensive performance of AEMs for water 

electrolysis applications. The main content of this thesis is listed as follows, and the 

schematic of the current work is shown in Fig. 1.8:  

(1) Cationic group characteristics such as size, stiffness, hydrophobicity, and 

electron effects will influence the interaction with the backbone. A fundamental 

understanding regarding the role of N-cyclic cationic groups on the overall 

membrane performance is important. According to the literature, N-cyclic 

quaternary ammonium shows much better alkaline stability than traditional 

quaternary ammonium.46 However, how the chemical structure of N-cyclic cations 

affects the overall membrane performance is still unclear. Thus, in Chapter 2, folded 

meta-poly(terphenylene) polymer-based AEMs with three kinds of N-cyclic cations 

were prepared via facile Friedel-Crafts type polycondensation and quaternization to 

investigate the relationship between the cationic structures and membrane 

performance. The steric hindrance of the cations was gradually increased from 

simple piperidinium to a sterically protected N-spirocyclic cation. The effect of 

cationic structure on micro-morphology, water uptake, swelling ratio, ionic 

conductivity, alkaline stability, and thermal stability of the AEMs was systematically 

investigated.  

(2) We found that the as-prepared meta-poly(terphenylene) (m-TPNPiQA) AEM 

with an ether-bond free backbone showed the best alkaline stability. However, the 

moderate conductivity (68.7 mS cm-1 at 80 °C) and poor dimensional stability should 

be improved for further applications. Covalent crosslinking is an alternative 

approach that could effectively improve the dimensional stability of AEMs. Thus, in 

Chapter 3, a multication crosslinker composed of two piperidinium groups and a 

flexible alkyl chain was introduced to fabricate novel crosslinked poly(arylene 

piperidinium)-based AEMs (C-IL-x) with improved membrane performance. Two 
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N-heterocyclic ammonium groups in the multication crosslinker offer more charge 

groups for ion conduction, while flexible alkyl chain could enhance the mobility of 

ions. The relationship between membrane performance, chemical structure, and 

microstructure is established. 

(3) Improving the ion conductivity and alkaline stability with constrained swelling 

has always been a bottleneck in developing high-performance AEMs. Compared to 

small-molecular crosslinkers, macromolecular crosslinkers have many reactive 

functional groups in the polymer chain, forming a much denser crosslinking network 

structure. In Chapter 4, a macromolecular crosslinker (partially functionalized 

polystyrene (FPVBC) is introduced to fabricate another novel crosslinked 

poly(arylene piperidinium)-based AEMs (C-FPVBC-x) to solve the “trade-off” 

problem of ionic conductivity and membrane swelling. The crosslinking reaction 

could take place without adding any catalyst since FPVBC possesses a reactive 

−CH2Cl group in the repeat unit which can react with the piperidine group on the 

polymer backbone to form cationic groups and crosslinking structure. It is expected 

to improve the conductivity and dimensional stability without sacrificing IEC.  

(4) In order to systemically evaluate the application prospect of the AEMs mentioned 

above, the non-crosslinked m-TPNPiQA, crosslinked C-IL-x, and C-FPVBC-x 

AEMs were assembled into an AEMWE to investigate their water electrolysis 

performance and discussed in Chapter 5. The electrochemical polarization curves, 

cell impedance and long-term durability of the AEMWEs were tested for comparison.  

(5) The results of this thesis were concluded in Chapter 6. The remaining challenges 

and outlook of AEMs for water electrolysis and the optimization of AEMWE cells 

were discussed in detail.  
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Fig. 1.8 The schematic of this thesis.
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ABSTRACT 

In order to investigate the relationship between the cationic structure and ion 

exchange membrane performance, three kinds of poly(terphenylene)-based anion 

exchange membranes (AEMs) with N-cyclic cations were prepared via facile 

Friedel-Crafts type polycondensation and quaternization. The steric hindrance of the 

N-cyclic cations increases from the small piperidinium to the sterically protected N-

spirocyclic quaternary ammonium (QA). The folded poly(terphenylene)s backbone 

promotes the self-assembly of the polymer chain. It forms a microphase separated 

morphology, resulting in the highest conductivity of 68.7 mS cm-1 (80 °C) for the 

AEM with piperidinium groups (m-TPNPiQA). The relative conductivity 

(conductivity/swelling ratio) of m-TPNPiQA is higher than that of the commercial 

Fumapem FAA-3-50 membrane. Increasing the size of the QA is helpful to constrain 

water absorption and related swelling but has a negative effect on the chemical 

stability. β-Hofmann elimination degradation is observed by 1H NMR analysis for 

all the AEMs during a stability test. The m-TPNPiQA demonstrates less than 6% 

ionic exchange capacity loss after 240 h in 5 M NaOH solution at 80 °C. The results 

demonstrated that the membrane performance is associated well with the features of 

the cationic groups. A high-performance AEM could be achieved by grafting 

appropriate cations onto the aryl ether-free backbone.   
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2.1 Introduction 

Developing high-efficiency energy conversion processes, including alkaline fuel 

cells and water electrolysis, are considered promising approaches to address 

challenges regarding sustainable energy and the energy transition. Anion exchange 

membrane water electrolysis (AEMWEs) has earned increasing attention due to their 

advantages over proton exchange membrane fuel cells, including faster reaction 

kinetics and the usage of non-precious metal (Ni, Fe, etc.) catalysts.1,2 As the critical 

component of these devices, the AEMs function as a separator between anode and 

cathode while conducting hydroxide ions. The low hydroxide conductivity and poor 

chemical stability of the AEMs are the current major challenges to their application 

in AEMWEs.3-5  

To address these issues, a variety of polymers, such as polysulfone,6 

poly(phenylene oxide)s,7 polybenzimidazole,8 poly(arylene ether)s,9 

poly(styrene)s,10 poly(olefin)s,11 etc. with tethered cationic groups have been 

developed as novel AEM materials for alkaline fuel cell applications. Especially, 

AEMs with side-chain, block structure, and high-density cations were developed to 

fabricate microphase separated morphologies, which seems essential for 

constructing “highways” for ion conduction.4,12-15 The ionic conductivity of these 

AEMs could be higher than 100 mS cm-1. However, the preparation routes for these 

AEMs with tailored structures are typically multistep and complex, limiting their 

applications in AEMWEs.5  

The aryl ether bond-containing backbones based AEMs are sensitive to scission 

reaction and may eventually result in mechanical damage to the AEMs.16 Thus, the 

use of ether-bond free backbones, such as polystyrene,10 polybenzimidazole,8 and 

poly(arylene piperidinium)17 is investigated to further improve the performance of 

the AEMs. Wang et al.17 reported a family of novel AEMs with a rigid ether-bond 

free aryl backbone incorporating N-cyclic QA cations. No detectable change in the 

chemical structure was observed in the 1H NMR spectra after treating the membranes 
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with 1 M KOH at 100 °C for 2000 h. However, there is still room for conductivity 

improvement. The biphenyl or para-terphenyl backbone structure limits the polymer 

flexibility, which seems to be critical for constructing microphase separated 

structures and forming high-speed ionic channels in the membranes.18 In contrast, a 

twisted meta-terphenyl based backbone enables the folding of the polymer chain, 

creating a compact polymer structure and promoting self-assembly of the ionic 

groups.18 These concepts guide the design of polymer materials with improved ionic 

conductivity and alkaline stability.  

Traditional quaternary ammonium (QA), e.g. benzyl trimethylammonium 

(BTMA), are the most commonly used cationic groups due to their simplicity, high 

degree of dissociation, and low cost. However, the BTMA groups are likely to 

degrade under the alkaline condition at elevated temperatures because of the 

nucleophilicity and basicity of OH− ions.19 Many efforts have been attempted to 

improve the stability problem of these cations: 1) modification of QA groups with 

strong electron donors or bulky steric hindrance9,20 and 2) development of alternative 

cations such as imidazolium,21,22 sulfonium,23 phosphonium,24 and metal-based 

cations.25 Recently, N-cyclic QA cations (piperidinium and N-spirocyclic QA) have 

attracted most interests and proved to be exceptionally stable under alkaline 

condition.10,20,26-28 As noted by Jannasch et al.28 N-spirocyclic QA functionalized 

polyelectrolytes showed no degradation during 1800 h in 1 M KOD/D2O at 80 °C 

since the geometrical constraint of the ring structure increases the transition state 

energy of the degradation reaction which results in excellent stability under harsh 

alkaline conditions.  

It should be emphasized that the alkaline stability of the N-cyclic QA cations-

based AEMs is different depending on the chemical structure of both the cationic 

group and polymer backbone. For example, when the N-spirocyclic QA has attached 

to a poly (arylene ether sulfone) backbone, the AEMs degraded heavily after 7 days 

in 1 M NaOH solution at 60 °C.29 That means despite the fact that the tremendous 
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advance of N-cyclic QA based AEMs regarding alkaline stability, the cyclic QA 

cations still potentially degrade via Hofmann elimination under the attack of OH− 

due to the existence of β-H in the cationic groups.30 Cationic group characteristics 

including size, stiffness, hydrophobicity, and electron effects will influence the 

interaction with the backbone. To date, only a few studies explored the membrane 

performance of N-cyclic QA linked to a polymer backbone.10,31,32 Pham et al.27 

reported the poly(biphenyl piperidine)s AEMs with different N-spirocyclic QA 

groups. Wang et al.33 prepared poly(biphenyl piperidine) AEMs with series of 

spirocyclic cationic side chains. How the structure of N-cyclic cations affects the 

overall membrane performance is still unclear, and the systematical investigation of 

their relationship between the chemical structure of the cationic groups and the 

backbone is urgently needed. 

In this chapter, a series of meta-poly(terphenylene) based AEMs having N-cyclic 

QA cations with various degrees of steric hindrance was prepared via simple 

polymerization and quaternization (Scheme 2.1). A systemic investigation of the 

relationship between the chemical structure of the backbone and cationic groups and 

overall membrane performance is provided. The steric hindrance of the cations was 

gradually increased from simple piperidinium to sterically protected N-spirocyclic 

QA. Poly(terphenylene) was chosen as the polymer backbone due to its ether-bond-

free structure and self-assembly ability. Folded meta-terphenyl was selected to 

fabricate the membranes since AEMs with folded backbones (e.g. m-triphenyl unit) 

form obvious microphase separation structures.18 By the incorporation of the folded 

poly(terphenylene) backbone with various N-cyclic cations the influence of cations 

on the properties of AEMs, including the micro-morphology, water uptake, swelling 

ratio, ionic conductivity, alkaline stability, thermal stability, etc. was systematically 

investigated. The results of this study could provide guidance for the molecular 

design of cations to improve the performance of the AEMs.  
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2.2 Experimental 

2.2.1 Materials 

m-terphenyl (99%, TCI), 4-piperidone monohydrate hydrochloride (PMH, 98%, 

Sigma-Aldrich), trifluoromethanesulfonic acid (TFSA, >98%, TCI ), trifluoracetic 

acid (TFA, analytical standard, TCI), potassium carbonate (K2CO3, 99%, Sigma-

Aldrich), iodomethane (MeI, 99%, Sigma-Aldrich), N,N-diisopropylethylamine 

(DIPEA, >99%, TCI), 1,4-dibromobutane (99%, Sigma-Aldrich), α,α′-dibromo-o-

xylene (97%, Sigma-Aldrich),  deuterated dimethyl sulfoxide (DMSO‑d6, 99.96 

atom % D, Sigma-Aldrich), diethyl ether (reagent grade, Sigma-Aldrich), ethanol 

(reagent grade, Sigma-Aldrich) and dimethyl sulfoxide (DMSO, ACS reagent, 

Sigma-Aldrich) were all used as received. Dichloromethane (DCM, reagent grade, 

Sigma-Aldrich) was dried by a molecular sieve (0.4 nm) before use. The deionized 

(DI) water was used for membrane treatment and measurements throughout the work. 

Fumapem FAA-3-50 membrane with a thickness of 50 μm was purchased from 

Fumatech company (Germany). 

2.2.2 Synthesis of the precursor poly(terphenyl) 

The precursor poly(terphenyl) (m-TPN) was synthesized through Friedel-Crafts 

type polycondensation. m-triphenyl (2.30 g, 1 eq.) and PMH (1.49 g, 1.1 eq.) were 

dissolved in DCM (50 ml) in a 250 mL flask under stirring and cooled to 0 °C using 

an ice bath. Then a small amount of TFA (0.78 mL, 1 eq.) and TFSA (8.8 mL, 10 

eq.) was added dropwise into the reaction mixture. The reaction was carried out for 

about 12 h until the viscosity of the solution dramatically increased. The final high 

viscous reaction mixture was poured into DI water, resulting in the formation of a 

large number of precipitates. Then the precipitates were thoroughly washed with DI 

water and dried under vacuum at room temperature for 24 h, yielding light-yellow 

powder (m-TPN) (2.66 g, yield: 84%). 
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2.2.3 Quaternization of m-TPN  

m-TPNPiQA, m-TPNPyQA, and m-TPNBeQA polymers were obtained via the 

following steps: To a 100 mL one-neck round bottom flask was added m-TPN (1.0 

g, 1 eq.), K2CO3 (1.2 g, 3eq.), DMSO (40 mL) and MeI (0.9 mL, 5eq.). Then the 

reaction vessel was covered with aluminum foil to prevent light-induced degradation 

of MeI and stirred at room temperature for 24 h. The resulting solution was 

precipitated in diethyl ether. Then washed repeatedly with diethyl ether, ethanol, and 

water several times to remove the impurities. Finally, the resulting products were 

dried under vacuum overnight to yield the light-yellow m-TPNPiQA polymer.  

m-TPNPyQA was prepared by cyclo-quaternization using DIPEA as a catalyst. 

The reaction solution in a 100 mL two-neck round bottom flask was made up of m-

TPN precursor (1.0 g, 1 eq.), 1,4-dibromopentane (0.40 ml, 1.2 eq.), DIPEA (2.5 mL, 

5 eq.) and DMSO (40 mL). The reaction vessel was kept at 80 °C under vigorous 

stirring for 24 h. After cooling to room temperature, the resulting solution was 

precipitated in a mixture of diethyl ether and ethanol solution. Finally, the 

precipitates were washed and dried under vacuum yielding a red-brown powder (m-

TPNPyQA).  

m-TPNBeQA was synthesized in the same procedure as m-TPNPyQA. Among 

these, 1,4-dibromopentane was replaced by α, α′-dibromo-o-xylene (0.92 g, 1.2 eq.). 

The final polymer was obtained as a light brown powder.  

2.2.4 Membranes preparation 

The typical procedure for membrane preparation is described as follows. 0.25 g 

of functionalized polymer (m-TPNPiQA, m-TPNPyQA, or m-TPNBeQA) was 

dissolved in DMSO (5 mL) to obtain a homogeneous solution. The solution was 

filtered through a Teflon syringe filter (Millex LS, 0.45 µm), and poured into a glass 

dish (50×50 mm), then placed in a ventilated casting oven at 85 °C for at least 24 h. 
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Afterward, the membranes were thoroughly washed with DI water. The membrane 

thickness was approximately 50 µm.  

2.2.5 Measurements of membrane performance 

The experimental sections are provided in Appendix B. 

 

Scheme 2.1 Synthetic routes for the cationic polymers: m-TPNPiQA, m-

TPNPyQA, and m-TPNBeQA. 

2.3 Results and discussion 

2.3.1 Polymer synthesis and characterization 

Friedel-Crafts type polycondensation was applied to synthesize ether-free 

precursor polymer m-TPN. The chemical structure and purity of this precursor were 

confirmed by 1H NMR spectroscopy, as seen in Fig. 2.1a. The chemical shifts of the 

signals corresponding to the protons from the benzene ring were observed at 7-8 

ppm (H4-H8). In comparison, the peaks belonging to piperidinium moiety were 

located at 2.6 ppm (H3) and 3.2 ppm (H2). The characteristic peak of the proton (H1) 

near the N atom is located at 8.56 ppm. The integral area ratio of the peaks H4-8 and 

H2 is determined to be 1:0.32, which are consistent with the theoretic value (1:0.33) 

in the polymer structure, indicating the m-TPN was synthesized successfully.  
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Fig. 2.1 1H NMR spectra of the (a) m-TPN and quaternized polymers (b) m-

TPNPiQA, (c) m-TPNPyQA, and (d) m-TPNBeQA. 

The corresponding functionalized copolymers (m-TPNPiQA, m-TPNPyQA, and 

m-TPNBeQA) were obtained by either cyclo-quaternized using α,α′-Dibromo-o-

xylene, and 1,4-dibromopentane or mono-quaternized using Iodomethane, as 

presented in Scheme 2.1. It is observed from Fig. 2.1b-d that the proton (−NH−) 

signal at 8.56 ppm totally disappeared while new signals appeared for m-TPNPiQA, 

m-TPNPyQA, and m-TPNBeQA. Besides, the signals (H4-H8) originating from the 

benzene rings remained relatively unchanged. For the m-TPNPiQA (Fig. 2.1b), the 

signals around 2.9 ppm and 3.2 ppm are ascribed to the proton from −CH3 and 

−CH2−, respectively. For the m-TPNPyQA (Fig. 2.1c), the four characteristic peaks 

ranging from 2.0 to 3.8 ppm are attributed to the −CH2− group in the cations. For 

the m-TPNBeQA (Fig. 2.1d), the new peaks (H9, H10) around 7.4 ppm are ascribed 

to the proton resonance from the benzene ring in the cationic groups. The integral 
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area ratio of the peaks is consistent with the theoretical values, indicating that the 

designed polymers have been successfully synthesized.  

This simple synthesis method provides a good possibility for scaling up. The 

length of the polymer chains was carefully controlled by adjusting the TFSA feed. 

A higher molecular weight of the synthesized polymer is beneficial to improving the 

film-forming properties of the membranes. The number average and weight average 

molecular weight of precursor m-TPN was measured to be 26.6 kDa and 51.6 kDa, 

respectively, and the polydispersity was calculated to be 1.94. 

The thermogravimetric analysis (TGA) curves of the m-TPN, m-TPNPiQA, m-

TPNPyQA, and m-TPNBeQA are present in Fig. 2.2. There are two main thermal 

decomposition steps with distinct weight loss stages for the precursor polymer m-

TPN. The first weight loss started around 380 °C and corresponded to the 

decomposition of the piperidine ring, and the second weight loss starting from 

440 °C is attributed to the decomposition of the rigid backbone. After 

functionalization, the initial thermal decomposition temperature (Td) of the samples 

decreases depending on the specific cation tethered to the polymer. The Td of the 

functionalized polymers (m-TPNPyQA and m-TPNBeQA) with spiro-cations is 

lower than the precursor but is still above 300 °C. It is also found that the 

piperidinium-functionalized polymer (m-TPNPiQA) with smaller cationic groups 

starts to decompose already at 200 °C. This means that the thermal stability is 

strongly influenced by the chemical structure of the cations. The glass transition 

temperatures (Tg) of the m-TPNPiQA, m-TPNPyQA, and m-TPNBeQA polymers 

with the same backbone but different cationic groups (PiQA, PyQA, and BeQA) 

were determined to be 190, 267 and 290 °C, respectively, which increase with the 

size of the ionic group. The high Tg values can be explained by the highly rigid 

benzene backbone structure.  
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Fig. 2.2 TGA traces of the m-TPN, m-TPNPiQA, m-TPNPyQA, and m-TPNBeQA 

polymers at a heating rate of 10 °C min-1 under a nitrogen atmosphere. 

2.3.2 Membrane morphology 

A commercial FAA membrane from Fumatech, which is designed for water 

electrolysis, is used for comparison. Similar to FAA-3-50, the as-prepared AEMs 

are transparent, uniform, and smooth, as shown in Fig. 2.3. Besides, these AEMs are 

quite flexible. The surface morphology is similar for all these AEMs in the scanning 

electron microscope (SEM) images, which indicates that homogeneous and dense 

AEMs were prepared successfully.  

In order to achieve high ionic conductivity, a microphase separated structure in 

the membranes is suggested.3,34 It is likely that the presence of the folded backbone 

would allow the polymer chain to form a compact structure and promote the self-

assembly of the ionic groups.18 Besides, the size/type of the cations could also affect 

the morphology of the membranes.35,36 Herein, transmission electron microscopy 

(TEM) and small-angle X-ray scattering (SAXS) was applied to investigate the 

morphology of the as-prepared AEMs and commercial membrane FAA-3-50 

membrane. As shown in Fig. 2.4a-d, the dark and bright areas refer to the hydrophilic 

domains and hydrophobic domains, respectively. The degree of microphase 

separation in m-TPNPiQA is more obvious in the TEM than in the other two AEMs 

(and supported by the SAXS pattern). It suggests that increasing the steric hindrance 
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of the cation reduces the degree of microphase separation. The smaller cationic 

groups improve ion clustering, leading to the formation of larger and more connected 

ion pathway channels. The reason may be that the size of the cation increased with 

increasing steric hindrance, which could be harmful to the self-assembly of the 

polymer chain. The phase separation behavior of FAA-3-50 was different from the 

as-prepared AEMs due to the difference in chemical materials, where the contrast 

between the bright domain and the dark domain is less regular. This phenomenon is 

further visible from their corresponding fast Fourier transformation (FFT) images 

(Fig. 2.4a'-d') which were directly transferred from the TEM images. The obvious 

scatter rings represent the periodic distance (d) of domains inside the membrane. It 

becomes more obvious with decreasing steric hindrance of the cations. The long 

period of the m-TPNPiQA was approximately 1.53 nm, and a weaker wider ring was 

also observed with a d of 1.31 nm. A somewhat similar FFT was also shown in m-

TPNPyQA, with corresponding d observed at 1.01 nm and 0.82 nm. The m-

TPNBeQA and FAA-3-50 only show a diffuse scatter ring.  

Consistent results were further obtained from SAXS analysis, as shown in Fig. 

2.4a''-d''. The difference in cationic groups slightly affects the membrane self-

assembly behavior. The resulting SAXS profiles confirm the microphase-separated 

structure formed in the membranes. For m-TPNPiQA, m-TPNPyQA, and 

TPNBeQA, a clear and weaker peak are visible, while FAA-3-50 displays a more 

diffuse broad peak. The main corresponding peak values fall into the range for q of 

3.40-3.50 nm-1 (d-spacing = 1.80-1.85 nm), which is somewhat larger than the d 

from the FFT results. The intensity of the characteristic peak decreased slightly with 

increasing steric hindrance of the cationic groups. These results indicate that the as-

prepared AEMs with a proper arrangement of the folded ether-free polymer 

backbone and N-cyclic ion moieties form ion-conductive polyelectrolyte membrane 

with a microphase separated structure.  
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Fig. 2.3 Digital photos and SEM images of the AEMs. 

 
Fig. 2.4 TEM, FFT images and SAXS patterns for (a,a',a'') m-TPNPiQA, (b,b',b'') 

m-TPNPyQA, (c,c',c'') m-TPNBeQA, and (d,d',d'') FAA-3-50. 

2.3.3 Ionic exchange capacity, water uptake, and swelling ratio  

As shown in Table 2.1, the theoretical ionic exchange capacity (IEC) values of the 

AEMs were calculated from the corresponding NMR spectra by comparing the 

integration area of the signals of H1 to H4-H8. It is found that the IECtheo values are 

in good agreement with the IECm values in the Cl− form obtained by titration. As 

seen, the IECtheo of m-TPNPiQA, m-TPNPyQA, and m-TPNBeQA were 2.66, 2.49, 

and 2.22 meq g-1, respectively, while their corresponding titration values were 2.54, 
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2.32, and 1.99 meq g-1, respectively. The IECOH
- was calculated based on the IECm 

in Cl− form, where the values were a bit higher due to a smaller molecular weight of 

OH− than Cl−. All the IEC decreased with increasing size of the cationic group.  

 

Fig. 2.5 Temperature dependence of WUw and SRl of the fully hydrated AEMs in 

the OH− form. 

 

Fig. 2.6 Water contact angle of m-TPNPiQA, m-TPNPyQA, and m-TPNBeQA 

membranes. 

The presence of water is essential for ion transportation in the membranes. 

However, an excess of water will result in the poor mechanical stability of the AEMs 

and dilution of ion concentration. Table 2.1 and Fig. 2.5 show the mass-based water 

uptake (WUm, wt%) and swelling ratio (SRl, %) on the length scale. The WUm of the 

membranes slightly increases with increasing temperature because the mobility of 

the polymer chains increases at elevated temperatures, enhancing water absorption. 

74.1o 84.3o79.8om-TPNPiQA m-TPNPyQA m-TPNBeQA
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The m-TPNPiQA with the highest IECOH
-
 (2.66 meq g-1) exhibits the highest WUm 

of 52.3% and 65.1% at 20 °C and 80 °C, respectively, while m-TPNBeQA has the 

lowest WUm (30.5-35.2% at 20-80 °C) due to its lower IECOH
- and more rigid 

structure. It should be noted that the WUm of the as-prepared AEMs doesn’t change 

a lot at elevated temperatures, while the FAA-3-50 membrane increased twofold 

from 44.0% to 88.0% over the mentioned temperature range. This may be ascribed 

to the hydrophobic rigid backbone of the AEMs. Fig. 2.5 also shows the swelling 

ratio of the AEMs. In spite of a higher SR at 20 °C, the m-TPNBeQA membrane has 

a lower SRl (25.7%) than that of FAA-3-50 (33.0%) at elevated temperature (80 °C). 

Moreover, we found that the size of the cationic group affects the WUm and SRl of 

the AEMs. The m-TPNPiQA membrane with the smaller cation shows a higher 

WUm and SRl than that of the m-TPNPyQA and m-TPNBeQA membranes with the 

bulky spirocyclic QA groups. This is also in line with the surface wettability of the 

membranes, which is further measured by the water contact angle measurement. As 

shown in Fig 2.6. The m-TPNPiQA membrane shows the lowest contact angle at 74 ° 

because of its small steric hindrance and reduced rigidity, while the m-TPNPyQA 

(79.8 °) and m-TPNBeQA (84.3 °) membranes have slightly higher contact angles.  

Table 2.1 The IEC, WU, SR, λ, and σ of the m-TPNPiQA, m-TPNPyQA, and m-

TPNBeQA AEMs. 

Samples IEC 

(meq g-1) 

WUm 

(%) 

SRl 

(%) 

λ σOH- 

(mS cm-1) 

 Theoa Massb 20 °C 

m-TPNPiQA 2.66 (2.80) 2.54 (2.66) 52.28 21.14 10.92 22.11 

m-TPNPyQA 2.49 (2.61) 2.32 (2.42) 45.12 16.15 10.36 14.94 

m-TPNBeQA 2.22 (2.32) 1.99 (2.07) 30.51 12.50 8.19 12.12 

FAA-3-50 c - 2.02 (2.10) 44.00 18.21 11.06 31.20 

Note: a determined from 1H NMR spectroscopy. b determined by titration method. c reported by 

Fumatech company. IEC in parentheses corresponds to the values in the OH− form.  
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2.3.4 Hydroxide conductivity  

 

Fig. 2.7 (a) Temperature dependence of hydroxide conductivities of the AEMs and 

(b) their Arrhenius plots. 

The ionic conductivity (σ) of an AEM is an important parameter regarding the 

output power of energy conversion devices. Fig. 2.7 shows the hydroxide 

conductivity of the AEMs as a function of temperature. The conductivity increased 

with increasing temperature, as expected. For the as-prepared AEMs, the 

conductivity of the m-TPNPiQA membrane can reach up to 22.1-68.7 mS cm-1 at 

20-80 °C, caused by the smaller charge groups that result in slightly higher water 

uptake. The m-TPNPyQA and m-TPNBeQA membranes with a more extensive 

steric effect exhibit a conductivity range of 14.9-39.7 mS cm-1 and 12.1-26.7 mS cm-
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1, respectively. The difference in morphology also correlates to their ion conductivity, 

as m-TPNPyQA and m-TPNBeQA display reduced microphase separation. The m-

TPNPiQA membrane has the most obvious microphase separated morphology 

which can form efficient pathways for ion conduction. The conductivity of the m-

TPNPiQA membrane is very close to that of the commercialized FAA-3-50 

membrane (31.2-80.4 mS cm-1, 20-80 °C), underlining their potential for practical 

applications. However, the ion conductivity of m-TPNPiQA is lower than that of 

reported poly(terphenylene)-based AEMs with alkyl quaternary ammonium since 

the cationic groups of m-TPNPiQA is close to the backbone, which could restrict the 

local mobility of the ionic groups.18 The transport activation energies (Ea) for all 

AEMs are ranged from 11.2 to 15.4 kJ mol-1 (Fig. 2.7b), and these results are 

comparable to reported AEMs.8,37-39 

Basically, the membrane with high IEC and WU improves the ion transportation, 

but an excess of WU and, consequently, SR dilutes the ion concentration and results 

in poor conductivity. One of the major challenges is to develop AEMs with high 

ionic conductivity combined with a low SR, thus a relatively low hydration number 

λ. Fig. 2. 8a shows the relation between the ion conductivity and hydration number 

for each membrane. The as-prepared AEMs exhibit a lower hydroxide conductivity 

for a given temperature ((20, 40, 60, and 80 °C), combined with lower λ values than 

those of commercial FAA-3-50. Besides, we introduced the conductivity normalized 

by SRl (σ/SR) to evaluate the performance of the AEMs, as shown in Fig. 2. 8b. An 

essential finding of this study is that the m-TPNPiQA membrane has a higher σ/SR 

than that of the FAA-3-50 membrane. It indicates that the as-prepared AEMs have 

better utilization of the absorbed water, resulting in the highest conductivity among 

commercial ones. Besides, the folded rigid backbone resists swelling and provides a 

better balance of WU and conductivity.   
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Fig. 2.8 (a) Ionic conductivity of the AEMs as a function of hydration number and 

(b) the conductivity/SR versus IEC. 

2.3.5 Alkaline stability 

The long-term stability of the AEMs in an alkaline environment concerns a 

challenge for developing membrane materials for energy conversion devices. Under 

the alkaline condition, the cationic groups and backbones are vulnerable to the 

hydroxide ions at elevated temperatures, leading to the degradation of the AEMs. 

Herein, the N-cyclic QA cations can degrade via Hofmann elimination and/or direct 

nucleophilic substitution reaction under these high pH conditions. In order to 

investigate the chemical stability of the as-prepared AEMs with various cationic 

groups, the membrane materials were treated in NaOH solution with different 

concentrations (1, 2, and 5 M) at 80 °C for 240 h.  

The m-TPNPiQA showed signs of slight degradation confirmed by the appearance 

of new signals (H1’-H4’, H2’’) and a decline in the intensity of −CH3 groups (H1) 

close to the N atom, as shown in Fig. 2.9. By comparing the integral areas of H1 to 

H4-H8, it is found that the degradation becomes more severe with the increasing 

concentration of NaOH solution. The ratio of integral area for the new peaks at 6.5, 

5.2, and 4.8 ppm are equal to 1:1:1. This is also in accordance with the formation of 

alkenyl protons (CH2=CH− group), indicating the ring-opening β-elimination 
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reaction occurred during this stability test. The new peaks around 2.1 ppm and 7.3 

ppm correspond to the degradation product. The proposed degradation pathway of 

m-TPNPyQA is presented in Fig. 2.9. The AEMs degradation causes cationic loss 

leading to decreased IECOH
-. As reported in Table 2.2, the IECNMR of m-TPNPiQA 

decreased to 97.4%, 97.0%, and 94.0% of the initial values after treating with 1 M, 

2 M, and 5 M NaOH solution for 240 h, respectively, indicating the AEMs with 

piperidinium groups and ether-bond free backbone are quite stable under alkaline 

condition. For comparison, the conductivity of conventional quaternized PPO-based 

AEM with ether-bond degraded by appr. 60% and was broken into small pieces after 

treatment in 1 M NaOH at 80 °C for 80 h.40 The chemical stability of m-TPNPiQA 

is close to the reported AEMs with ether-bond free backbone and alkyl quaternary 

ammonium. As noted, the IECOH
- of the PBPA+ membrane decreased to 99.6% after 

an alkaline test in 1 M NaOH solution at 80 °C for 30 days.41  

 

Fig. 2.9 Alkaline stability test results of the m-TPNPiQA and the proposed 

degradation mechanism. 
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Fig. 2.10 1H NMR spectra of the m-TPNPyQA before and after alkaline stability 

test and the proposed degradation mechanism. 

 The m-TPNPyQA showed signs of degradation as confirmed by the appearance 

of new signals (marked by a red circle) and a decline in the intensity of the -CH2- 

groups close to the N atom, as shown in Fig. 2.10. These new peaks were barely 

detected after exposure to the 1 M NaOH solution but are apparent after exposure to 

the 2 M and 5 M NaOH solution. The ratio of integral area for those new peaks (H2’ 

and H3’) at 6.5, 5.2, and 4.8 ppm are equal to 1:1:1. This is in accordance with the 

formation of alkenyl protons (CH2=CH− group), consistent with the ring-opening β-

elimination. Except for the β-elimination, the AEMs can also degrade by the 

nucleophilic substitution reaction. New signals were also observed at 1.4 and 1.6 

ppm, which may be attributed to the degradation product of the cations via 

nucleophilic substitution reaction. By comparing the integral area of the protons 

from the −CH2− group to the protons from the benzene rings, the degradation degree 
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can be quantified. The IECNMR of m-TPNPyQA (Table 2.2) decreased to 91.6%, 

84.3%, and 81.5% of the initial values after treating with 1 M, 2M, and 5 M NaOH 

solution, respectively. Combined with the results of Pham et al.27 the proposed 

degradation pathways of m-TPNPyQA are presented in Fig. 2.10. The reduced 

alkaline stability of the AEMs with N-spirocyclic QA cations is most probably 

attributed to the distortion of the piperidinium ring conformation by the rigid 

poly(terphenylene) backbone. Attaching the piperidine rings directly to the rigid 

backbone may significantly distort the bond angles and constrain conformational 

relaxation for the N-spirocyclic QA cations, thus decreasing the activation energy 

and promoting the degradation reactions.27 As a result, the m-TPNPyQA membranes 

were more susceptible to β-elimination compared to m-TPNPiQA.  

 
Fig. 2.11 1H NMR spectra of the m-TPNBeQA before and after alkaline stability 

test and the proposed degradation mechanism. 

For the m-TPNBeQA, the degradation signals were also observed in the 1H NMR 

spectra (Fig. 2.11). The OH− ion may attack the α-C atom resulting in the degradation 

of cations. Here, the new signals from the alkenyl protons (CH2=CH− group) were 

also observed (H2’ and H3’), indicating the ring-opening β-elimination reaction 

occurred during the stability test. As noted by Lin et al.9 and Chu et al.9, 42 the 

proposed degradation mechanism is present in Fig. 2.11. The nucleophilic 

substitution reaction happened in m-TPNBeQA, where new peaks (H1’’, H1’’’, H3’’, 
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H4’’, H9’, H10’, H11) are ascribed to the degradation products of the cation. By 

comparing the integral area of −N(CH2)− with benzene rings (H4-H8) in the 

backbone, the IECNMR of m-TPNBeQA (Table 2.2) decreased to 71.2%, 69.4%, and 

55.8% of the initial values after treating with 1 M, 2 M and 5 M NaOH solution, 

respectively.  

Table 2.2 The IECNMR of the AEMs before and after immersing in 1, 2, and 5 M 

NaOH solution at 80 °C for 240 h.  

Samples Original IECOH
- 

(meq g-1) 

1 M 

(meq g-1) 

2 M 

(meq g-1) 

5M 

(meq g-1) 

m-TPNPiQA 2.66 2.59 2.58 2.50 

m-TPNPyQA 2.49 2.28 2.10 2.03 

m-TPNBeQA 2.22 1.59 1.54 1.24 

 

Fig. 2.12 Molecular structures and LUMO iso-surfaces of model molecules. 

No apparent change in the 1H NMR signals were observed for the backbones of 

the as-prepared AEMs, and the membrane materials retained appearance and 

flexibility after the stability test, confirming the excellent alkaline stability of the 
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ether-free backbone. However, it seems that the bulky benzene ring cannot protect 

the N-spirocyclic quaternary ammonium group from degradation. The order of 

chemical stability in concentrated NaOH was m-TPNPiQA> m-TPNPyQA> m-

TPNBeQA. m-TPNBeQA with the largest cation undergoing significant degradation, 

while m-TPNPiQA with the smallest cation has the best alkali resistance among the 

membranes. The results show that more durable AEMs can be achieved by tuning 

the cation structure.  

In general, a lower LUMO energy allows the OH− to attack the cationic groups 

more easily and results in poorer chemical stability of the cations.43,44 The LUMO 

energies of the model cations PiQA, PyQA, and BeQA were calculated to be -

0.13334, -0.10981, and -0.11348 eV, respectively, as shown in Fig. 2.12. The LUMO 

energy of PyQA is higher than that of BeQA, suggesting that PyQA exhibits better 

alkaline stability compared to BeQA. This phenomenon is consistent with the above 

results that the corresponding m-TPNBeQA degrades more severely than m-

TPNPyQA. However, the experimental data are somewhat different from the results 

of the simulation. The LUMO energy of PiQA is lower than the other two cations, 

while our NMR results demonstrated that the corresponding m-TPNPiQA AEM is 

actually more stable than the other two AEMs. The reason for this is that theoretical 

simulations are based on small molecules. When the polymer backbone of the 

benzene ring is considered, the situation may become more complicated. The 

stability of the cations tethered to the backbone is also affected by the backbone 

structure and morphology of the AEMs. Since the corresponding AEMs have the 

same backbone, the reason for the difference between the AEMs can be explained 

by the difference in their morphology. The stronger hydrophilic/hydrophobic phase-

separated structure of m-TPNPiQA may favor the alkaline stability since the cationic 

groups can be well-solvated in the hydrophilic environment leading to slower 

chemical degradation.45,46 Similar phenomena can be found in the literature.47 

Besides, the reduced alkaline stability of the AEMs with spirocyclic cation may be 
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partly caused by the lower water uptake and λ values since lower λ values will 

increase the concentration of the harmful hydroxide ions.48  

2.4 Conclusions 

In summary, a series of poly(terphenylene)-based AEMs with various N-cyclic 

cations were systematically prepared to understand the role of N-cyclic cationic 

groups on the membrane’s overall performance. Using a folded ether-bond-free 

backbone and N-cyclic cations results in relatively high conductivity and robust 

alkaline stability. The m-TPNPiQA exhibited the highest conductivity due to the 

obvious microphase separation structure formed inside the membrane. However, 

increasing the steric hindrance of the cation constrains the water absorption and 

reduces dimensional swelling at the expense of reduced ion conductivity. Compared 

to the commercialized FAA-3-50 membrane, the as-prepared AEMs have relatively 

high ionic conductivity. Furthermore, the ether-free poly(terphenylene) chain 

enables a stable backbone under alkaline conditions, while the N-cyclic cations of 

the AEMs are found to degrade via β-Hofmann elimination and/or nucleophilic 

substitution. The degradation of the cations becomes more severe for larger cations 

since the distortion of the piperidinium ring conformation by the rigid 

poly(terphenylene) backbone could decrease the stability of cations. The presented 

material properties and characteristics confirm their potential for relevant 

applications in alkaline fuel cell and electrolysis processes. 



Chapter 2. AEMs with poly(terphenylene) backbone: Effect of the N-cyclic cations     47 

 

References 

1. L. Wang, X. Peng, W. E. Mustain and J. R. Varcoe, Energy & Environmental Science, 

2019, 12, 1575-1579. 

2. X. Peng, T. J. Omasta, E. Magliocca, L. Wang, J. R. Varcoe and W. E. Mustain, 

Angewandte Chemie International Edition, 2019, 58, 1046-1051. 

3. J. R. Varcoe, P. Atanassov, D. R. Dekel, A. M. Herring, M. A. Hickner, P. A. Kohl, A. 

R. Kucernak, W. E. Mustain, K. Nijmeijer, K. Scott, T. Xu and L. Zhuang, Energy & 

Environmental Science, 2014, 7, 3135-3191. 

4. C. X. Lin, X. L. Huang, D. Guo, Q. G. Zhang, A. M. Zhu, M. L. Ye and Q. L. Liu, 

Journal of Materials Chemistry A, 2016, 4, 13938-13948. 

5. C. Lin, Y. Gao, N. Li, M. Zhang, J. Luo, Y. Deng, L. Ling, Y. Zhang, F. Cheng and S. 

Zhang, Electrochimica Acta, 2020, 354, 136693. 

6. Z. Li, G. He, Z. Li, Y. Zhang, J. Zhao, M. Xu, S. Xu and Z. Jiang, Journal of Membrane 

Science, 2018, 554, 6-15. 

7. Y. Wang, D. Zhang, X. Liang, M. A. Shehzad, X. Xiao, Y. Zhu, X. Ge, J. Zhang, Z. Ge, 

L. Wu and T. Xu, Journal of Membrane Science, 2020, 595, 117483. 

8. C. Lin, J. Wang, G. Shen, J. Duan, D. Xie, F. Cheng, Y. Zhang and S. Zhang, Journal 

of Membrane Science, 2019, 590, 117303. 

9. C. Lin, D. Yu, J. Wang, Y. Zhang, D. Xie, F. Cheng and S. Zhang, International Journal 

of Hydrogen Energy, 2019, 44, 26565-26576. 

10. J. S. Olsson, T. H. Pham and P. Jannasch, Macromolecules, 2020, 53, 4722-4732. 

11. X. Zhang, X. Chu, M. Zhang, M. Zhu, Y. Huang, Y. Wang, L. Liu and N. Li, Journal of 

Membrane Science, 2019, 574, 212-221. 

12. S. Li, H. Zhang, K. Wang, F. Yang, Y. Han, Y. Sun, J. Pang and Z. Jiang, Polymer 

Chemistry, 2020, 11, 2399-2407. 

13. C. X. Lin, X. Q. Wang, L. Li, F. H. Liu, Q. G. Zhang, A. M. Zhu and Q. L. Liu, Journal 

of Power Sources, 2017, 365, 282-292. 

14. S. Li, H. Zhang, K. Wang, F. Yang, Y. Han, Y. Sun, J. Pang and Z. Jiang, Journal of 

Membrane Science, 2020, 594, 117471. 

15. E. A. Weiber and P. Jannasch, Journal of Membrane Science, 2016, 520, 425-433. 

16. C. G. Arges and V. Ramani, Proceedings of the National Academy of Sciences, 2013, 

110, 2490-2495. 



48    Chapter 2. AEMs with poly(terphenylene) backbone: Effect of the N-cyclic cations    

17. J. Wang, Y. Zhao, B. P. Setzler, S. Rojas-Carbonell, C. Ben Yehuda, A. Amel, M. Page, 

L. Wang, K. Hu, L. Shi, S. Gottesfeld, B. Xu and Y. Yan, Nature Energy, 2019, 4, 392-

398. 

18. W.-H. Lee, E. J. Park, J. Han, D. W. Shin, Y. S. Kim and C. Bae, ACS Macro Letters, 

2017, 6, 566-570. 

19. H.-S. Dang, E. A. Weiber and P. Jannasch, Journal of Materials Chemistry A, 2015, 3, 

5280-5284. 

20. M. Marino and K. Kreuer, ChemSusChem, 2015, 8, 513-523. 

21. K. Yang, X. Chu, X. Zhang, X. Li, J. Zheng, S. Li, N. Li, T. A. Sherazi and S. Zhang, 

Journal of Membrane Science, 2020, 603, 118025. 

22. B. Xue, Q. Wang, J. Zheng, S. Li and S. Zhang, Journal of Membrane Science, 2020, 

601,117923. 

23. B. Zhang, S. Gu, J. Wang, Y. Liu, A. M. Herring and Y. Yan, RSC Advances, 2012, 2, 

12683-12685. 

24. X. Yan, S. Gu, G. He, X. Wu, W. Zheng and X. Ruan, Journal of Membrane Science, 

2014, 466, 220-228. 

25. M. T. Kwasny, L. Zhu, M. A. Hickner and G. N. Tew, Journal of the American Chemical 

Society, 2018, 140, 7961-7969. 

26. H.-S. Dang and P. Jannasch, Journal of Materials Chemistry A, 2016, 4, 11924-11938. 

27. T. H. Pham, J. S. Olsson and P. Jannasch, Journal of Materials Chemistry A, 2018, 6, 

16537-16547. 

28. T. H. Pham, J. S. Olsson and P. Jannasch, Journal of the American Chemical Society, 

2017, 139, 2888-2891. 

29. T. H. Pham and P. Jannasch, ACS Macro Letters, 2015, 4, 1370-1375. 

30. A. Allushi, T. H. Pham, J. S. Olsson and P. Jannasch, Journal of Materials Chemistry A, 

2019, 7, 27164-27174. 

31. T. H. Pham, J. S. Olsson and P. Jannasch, Journal of Materials Chemistry A, 2019, 7, 

15895-15906. 

32. J. S. Olsson, T. H. Pham and P. Jannasch, Journal of Membrane Science, 2019, 578, 

183-195. 

33. F. Wang, Y. Li, C. Li and H. Zhu, Journal of Membrane Science, 2020, 620, 118919. 

34. D. W. Shin, M. D. Guiver and Y. M. Lee, Chemical Reviews, 2017, 117, 4759-4805. 

35. Y. Xing, K. Geng, X. Chu, C. Wang, L. Liu and N. Li, Journal of Membrane Science, 

2020, 618, 118696. 



Chapter 2. AEMs with poly(terphenylene) backbone: Effect of the N-cyclic cations     49 

 
36. F. H. Liu, C. X. Lin, E. N. Hu, Q. Yang, Q. G. Zhang, A. M. Zhu and Q. L. Liu, Journal 

of Membrane Science, 2018, 564, 298-307. 

37. Y. Zhang, W. Chen, X. Yan, F. Zhang, X. Wang, X. Wu, B. Pang, J. Wang and G. He, 

Journal of Membrane Science, 2020, 598, 117650. 

38. X. Zhang, Y. Cao, M. Zhang, Y. Wang, H. Tang and N. Li, Journal of Membrane Science, 

2020, 598, 117793. 

39. C. X. Lin, Y. Z. Zhuo, E. N. Hu, Q. G. Zhang, A. M. Zhu and Q. L. Liu, Journal of 

Membrane Science, 2017, 539, 24-33. 

40. N. W. Li, T. Z. Yan, Z. Li, T. Thurn-Albrecht and W. H. Binder, Energy & 

Environmental Science, 2012, 5, 7888-7892. 

41. W.-H. Lee, Y. S. Kim and C. Bae, ACS Macro Letters, 2015, 4, 814-818. 

42. X. Chu, L. Liu, Y. Huang, M. D. Guiver and N. Li, Journal of Membrane Science, 2019, 

578, 239-250. 

43. K. Matsuyama, H. Ohashi, S. Miyanishi, H. Ushiyama and T. Yamaguchi, RSC 

Advances, 2016, 6, 36269-36272. 

44. Z. Si, L. Qiu, H. Dong, F. Gu, Y. Li and F. Yan, ACS Applied Materials & Interfaces, 

2014, 6, 4346-4355. 

45. S. Chempath, B. R. Einsla, L. R. Pratt, C. S. Macomber, J. M. Boncella, J. A. Rau and 

B. S. Pivovar, The Journal of Physical Chemistry C, 2008, 112, 3179-3182. 

46. Y. Z. Zhuo, A. L. Lai, Q. G. Zhang, A. M. Zhu, M. L. Ye and Q. L. Liu, Journal of 

Materials Chemistry A, 2015, 3, 18105-18114. 

47. X. Yan, R. Deng, Y. Pan, X. Xu, I. El Hamouti, X. Ruan, X. Wu, C. Hao and G. He, 

Journal of Membrane Science, 2017, 533, 121-129. 

48. D. R. Dekel, M. Amar, S. Willdorf, M. Kosa, S. Dhara and C. E. Diesendruck, Chemistry 

of Materials, 2017, 29, 4425-4431. 

 

 

 



50    Chapter 2. AEMs with poly(terphenylene) backbone: Effect of the N-cyclic cations    



Chapter 3. Dimensionally stable multication-crosslinked poly(arylene piperidinium) AEMs   51 

 

Chapter 3 

Dimensionally stable multication-crosslinked 

poly(arylene piperidinium) anion exchange 

membranes  

 

 

 

 

 

Partially adapted from: Xiuqin Wang, Rob G. H. Lammertink, Dimensional stable multication-

crosslinked poly(arylene piperidinium) membranes for water electrolysis. Journal of Materials 

Chemistry A, 2022, 10, 8401-8412.  
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ABSTRACT 

Crosslinking is a widely employed process to improve the dimensional stability of 

anion exchange membranes (AEMs). However, crosslinking often comes at the 

expense of ion exchange capacity and ionic conductivity. To address this “trade-off” 

problem, we introduce a multication crosslinker composed of two piperidinium 

groups and a flexible alkyl chain to fabricate novel crosslinked poly(arylene 

piperidinium)-based AEMs (C-IL-x). It is found that multication crosslinkers can 

promote the formation of a micro-phase separated morphology and construct a 

highly efficient ion-conducting pathway inside the membrane. Compared to the non-

crosslinked AEM (m-TPNPiQA), the conductivity and dimensional stability of 

crosslinked C-IL-x AEMs were both improved. The highest ionic conductivity of 

the crosslinked C-IL-100 AEM reaches up to 95 mS cm-1 at 80 °C. In addition, the 

multication crosslinked AEMs exhibit good alkaline stability, which is crucial, 

seeing their potential as membrane materials for future green energy applications 

based on alkaline water electrolysis.   
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3.1 Introduction 

Anion exchange membrane (AEMs)-based electrochemical devices have attracted 

great attention. Under the alkaline condition, these devices could use inexpensive 

platinum group metal-free electrocatalysts (e.g. Ni-, Fe-, or Co-based), which 

reduces the cost of the devices and promotes its commericallization.1 However, their 

development is still limited by the poor performance of AEMs, which work as solid-

state electrolytes between cathode and anode to avoid mixing of hydrogen and 

oxygen products while enabling OH− transport.2 The ion conductivity of AEMs is 

much lower than that of proton exchange membranes due to the lower mobility of 

OH− ions compared to protons.3,4 Besides, most AEM-based devices showed a 

dramatic decline in performance after the prolonged operation due to the degradation 

of the AEMs under alkaline conditions.5 Thus, it is urgent to develop alkali-stable 

and highly-conductive AEMs for future application.  

To improve the ion conductivity of AEMs, increasing ion exchange capacity (IEC) 

is typically suggested. Philip et al. found that conductivity is proportional to IEC.6 

However, the inherent “trade-off” between the ionic conductivity and membrane 

swelling (i.e., the high IEC usually leads to a high-water uptake and swelling ratio) 

limit the method of merely increasing IEC.7,8 Another approach to increase ion 

conductivity is via incorporation of multications into the AEMs.9 For example, Zhu 

et al.10 developed multication side chain AEMs for fuel cell applications. The highest 

conductivity of 99 mS cm-1 was observed at room temperature for the as-prepared 

AEMs. However, the water uptake and swelling ratio of these multication side chain 

AEMs could reach up to 172% and 36% at 80 °C, respectively. Thus, the balance 

between dimensional stability and ionic conductivity has become a challenging issue. 

Micro-phase segregated AEMs, containing hydrophilic ion-conducting channels in 

a more hydrophobic matrix, present a promising approach for developing AEMs 

with high conductivity and low swelling.11,12 However, complex processes are often 

required to assure micro-phase separated morphologies in the AEMs.13,14 Covalent 
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crosslinking is an alternative approach that could effectively restrain the water 

swelling of AEMs. Crosslinkers such as dialdehyde, diol, and dithiol have been used 

in AEMs via thermal or UV activation.15,16 Lin et al.17 developed crosslinked side-

chain-type AEMs via thermal crosslinking. They found that the introduction of 

crosslinks reduced the IEC and thereby the conductivity of the AEMs. Thus, there is 

a need to investigate crosslinking strategies that improve the dimensional stability 

of the AEMs without sacrificing other performance. 

Chen et al.18 presented crosslinking AEMs based on poly(biphenyl piperidinium) 

and functionalized poly(phenyl ether). Although high conductivity and low swelling 

were obtained, the backbone with aryl ether-bonds is vulnerable to degradation 

under alkaline conditions.19 Besides the backbone, the stability of the cationic group 

is also a concern. Nowadays, most AEMs are based on polymers tethered with 

benzyl trimethylammonium or alkyl-tethered ammonium cations. These cationic 

groups are prone to be attacked by the hydroxide ions via nucleophilic substitution, 

Hofmann elimination, and ylide formation.20,21 Although the alkyl-tethered 

ammonium cations such as piperidinium showed good chemical stability in some 

reports, they still have the risk of Hofmann elimination due to the existence of β−H. 

Lee et al.22 systematically studied the alkaline stability of 24 representative N-

heterocyclic ammonium groups (NHA). The typical NHAs with symmetric structure, 

possess an electron-donating group which weakens the electronegativity of the ionic 

group and provides higher alkaline stability compared to asymmetric NHAs. In 

Chapter 2, we have investigated the effect of the N-cyclic cations on the 

performance of poly(phenylalkylene)s-based AEMs.23 The results showed that 

piperidinium-functionalized AEMs with an ether-bond-free backbone show good 

alkaline stability. However, the application of the poly(phenylalkylene)s-based 

AEMs is limited by the rather low conductivity (68.7 mS cm-1 at 80 °C) and poor 

dimensional stability.  
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 In this chapter, we introduce a tailored crosslinking method for 

poly(phenylalkylene)s-based AEMs. A series of novel multication-crosslinked -

poly(phenylalkylene) AEMs were prepared to further improve the performance of 

the membrane, as shown in Scheme 3.1 & Fig. 3.1. The folded backbone of C-IL-x 

is foldable, as validated by Bae,24 which can shorten the distance between ionic 

groups and thereby improve the hydroxide ion mobility inside the membrane. 

Crosslinking is effective in constraining the swelling of the AEMs. The multication 

crosslinker has two NHAs that provide fixed charge groups for ion conduction, and 

thus the introduction of the crosslinking structure not only improves the dimensional 

stability but also enhances the conductivity. The design of an ether-bond-free 

structure and NHA cation is expected to result in good alkaline stability. Besides, 

the water uptake, swelling ratio, and mechanical and thermal stability were all well 

investigated.  

3.2 Experimental  

3.2.1 Materials 

4,4’-Trimethylenebis(1-methyl piperidine) (>98%), 1,6-dibromohexane (96%), 4-

piperidone monohydrate hydrochloride (PMH, 98%), potassium carbonate (K2CO3, 

99%), iodomethane (CH3I, 99%), dichloromethane (DCM), diethyl ether (AR), 

dimethyl sulfoxide (DMSO, AR), potassium hydroxide (KOH, AR), sodium 

hydroxide (NaOH, AR), sodium nitrate (NaNO3, AR), acetone (AR), hydrochloric 

acid (HCl, AR), and deuterated dimethyl sulfoxide (DMSO‑d6, 99.96 atom % D) 

were purchased from Sigma-Aldrich were used without purification. m-terphenyl 

(99%), trifluoromethane sulfonic acid (TFSA, >98%), N,N-diisopropylethylamine 

(DIPEA, >99%) were purchased from TCI Chemical Co. Acros. The deionized (DI) 

water (18.2 MΩ, 0.2 μm filtered) was used for membrane treatments and 

measurements throughout the work.  
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Scheme 3.1 Synthetic route for the multication crosslinked AEMs. 

3.2.2 Preparation of the precursor poly(terphenyl piperidine)  

The precursor poly(terphenyl piperidine) (m-TPN) was prepared via Friedel-

Crafts type polycondensation, according to the previous work (see Chapter 2).23 In 

a 250 mL round bottom flask equipped with a magnetic stirrer, m-triphenyl (2.30 g, 

1.0 mmol) and PMH (1.49 g, 1.2 mmol ) were dissolved in DCM (50 mL) to make 

a homogeneous solution and cooled to 0 °C using an ice bath. Subsequently, TFSA 

(8.8 mL) was added drop wisely, and the color of the solution changed from purple 

to black. The mixture solution was stirred for five h until its viscosity dramatically 

increased. The resulting highly viscous black solution was poured slowly into DI 

water and thoroughly washed to remove any residual reactants. The final light yellow 
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fibrous solid polymer was collected and dried completely under a vacuum. The 

synthesized polymer is soluble in DMF, DMSO, and DMAc.  

3.2.3 Synthesis of multication crosslinker  

A mixture of 4,4’-Trimethylenebis(1-methyl piperidine) (2.38 g, 1 mmol) and 1,6-

dibromohexane (7.32 g, 3 mmol) were dissolved in DMSO (20 mL) in a round 

bottom flask. The mixture was stirred at 60 °C for 12 h and then poured into diethyl 

ether, resulting in the formation of a large number of precipitates. The precipitate 

was washed with diethyl ether and dried under a vacuum to obtain an off-white 

powder. Then the crude product was further purified by redissolving in DMSO and 

reprecipitating in acetone to remove impurities. The final multication ionic liquid 

crosslinker, defined as IL, was dried and stored in a vacuum dryer. 

3.2.4 Preparation of crosslinked membranes 

Scheme 3.1 shows the synthetic route of the crosslinked membranes marked as C-

IL-x (C means crosslinked, IL represents the multication-ionic crosslinker, and x is 

the crosslink density x=20, 40, 60, 80, and 100) represents targeted crosslinking 

degrees which are controlled by the ratio of the IL and m-TPN. For C-IL-20, as an 

example, the molar ratio of the −CH2Br groups in IL to the −NH groups in m-TPN 

was 1:5, indicating a theoretical 20% crosslinking. The synthetic procedure for C-

IL-20 is listed as follows: m-TPN (0.20 g) and IL (0.04 g) were completely dissolved 

in DMSO (5 mL) to form a homogeneous solution. Then DIPEA (10 μL) was used 

as an acid-binding agent to promote the deprotonation of m-TPN, and promote the 

following functionalization reaction was added to the above solution.4,25 A small 

amount of precipitate was formed in the solution, but disappeared after shaking the 

mixture for several minutes. This may be caused by the incompatibility between 

polymer solution and liquid DIPEA. When it reacted with m-TPN, the product 

became soluble, and the precipitation disappeared. The final solution (ab. 5 mL) was 
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then poured on a glass plate (6 × 6 cm2) and moved to an oven at 80 °C for 24 h to 

crosslink and evaporate the solvent. The resulting thickness of the crosslinked 

membranes was 50 ± 5 µm as recorded by a digital micrometer. The remaining 

piperidine groups were functionalized by methyl iodide solution. The membrane was 

then immersed in iodomethane/methanol solution to convert the piperidine groups 

to piperidinium groups. The quaternization reaction was performed at room 

temperature (RT) in the dark for 24 h, after which the membrane was washed several 

times with water to remove excess iodomethane. The resulting membranes were 

immersed in 1 M KOH at RT for 48 h to exchange the negative ions with hydroxyl, 

followed by washing with deionized (DI) water and stored in DI water before 

measurements.  

For comparison, m-TPN was functionalized by CH3I to obtain non-crosslinked 

AEMs (m-TPNPiQA), as showed in Scheme 3.2, which was studied in our previous 

work (see Chapter 2).23 The reaction steps were as follows. m-TPN (2.00 g), K2CO3 

(2.20 g), DMSO (40 mL), and CH3I (1.80 mL) were mixed in a flask. The reaction 

was carried out at RT for 24 h in the dark. The product was obtained by pouring the 

reaction solution into diethyl ether to precipitate. The raw product was washed with 

ethanol/water solution and dried under vacuum for 24 h. The membrane was made 

by casting and solvent evaporation as well. 

 
Scheme 3.2 Quaternization route for m-TPNPiQA. 

3.2.5 Measurements of membrane performance 

Detailed characterization and measurements can be found in Appendix B. 
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3.3 Results and discussion   

3.3.1 Preparation and characterization of C-IL-x AEMs  

 

Fig. 3.1 1H-NMR spectra of (a) m-TPN and (b) IL. 

 
Fig. 3.2 1H-NMR spectrum of m-TPNPiQA. 

The m-TPN was prepared via Friedel-Crafts type polycondensation.23 Fig. 3.1a 

demonstrates the 1H NMR spectrum of the m-TPN, the characteristic peaks 

appearing between 7.0 and 8.2 ppm are assigned to the proton peaks of the benzene 

rings. The peaks around 2.8 ppm (H3) and 3.2 ppm (H2) correspond to the proton 

resonance from the piperidine ring. The characteristic signal at 8.3 ppm (H1) belongs 

to the proton resonance from the −NH group.4 The location of the peaks is consistent 

with the results from previous work, which indicates that m-TPN polymers were 
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synthesized successfully. The chemical structure of iodomethane functionalized m-

TPNPiQA polymer is shown in Fig. 3.2.  

The 1H-NMR spectrum of the multication crosslinker is presented in Fig. 3.1b. 

The peaks from 3.3-3.6 ppm (H1,6,8) are attributed to the −CH2− connecting to the N 

or Br atom. The signals located at 3.1 ppm (H7) are ascribed to the proton resonance 

from −CH3 of the piperidinium groups, and the peaks around 1.3 ppm (H4,11,12) 

correspond to the signals from the alkyl chains. The peak areas at different positions 

were integrated, and the proportion of the peak areas was consistent with the ratio of 

hydrogen atoms in the polymer. For example, the ratio of the integral area of H7 to 

H3,4,11,12 is equal to 1: 2.34, which is consistent with the theoretic value of 1:2.33, 

indicating the multication crosslinker was synthesized successfully.  

The crosslinking density of the C-IL-x AEMs was adjusted by controlling the 

molar ratio of IL to the m-TPN polymer. As shown in Fig. 3.3, the polymer solution 

became a gel after crosslinking. Although the folded ether-free backbone is 

composed of rigid aromatic rings, the resulting cross-linked membranes are 

extremely flexible. Notably, the membrane maintained its flexibility after being 

folded four times and then unfolded into its original state. In addition, the SEM 

image of C-IL-100 (Fig. 3.4) showed a smooth membrane.  

 
Fig. 3.3 (a) The configurations and schematic diagram of the flexible conducting 

channels in C-IL-x AEM. (b) A folding-unfolding test utilizing the crosslinked C-

IL-100 AEMs. 
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Fig. 3.4 SEM image of the C-IL-100 membrane. 

 

Fig. 3.5 (a) The FT-IR spectra of the IL, non-crosslinked m-TPNPiQA, and 

crosslinked C-IL-x AEMs. (b) Gel fraction of the C-IL-x AEMs in DMSO. (c) 

Stress-strain curves and (d) TGA graphs of the m-TPNPiQA and C-IL-x AEMs. 

The chemical structure of the crosslinked C-IL-x AEMs was confirmed by FT-IR 

spectroscopy, as shown in Fig. 3.5a. The broad vibration band at 3400 cm-1 is 

contributed to water. The C-IL-100 AEM with the highest IECm or/and water uptake 

(WU) has an obvious water peak. The signals around 2929 and 1670 cm-1 are 
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associated with the stretching vibration of –CH2–, which shows enhanced intensity 

after introducing the multication crosslinker. The peak at 1080 cm-1 corresponds to 

the bending vibration of C−N+ from ammonium groups, indicating the successful 

cross-linking reaction.7  

All the crosslinked AEMs show a high gel fraction in DMSO, as shown in Fig. 

3.5b, indicating that the crosslinking reaction was carried out successfully. The gel 

fraction increases with the increasing addition of the multication crosslinker except 

for the C-IL-100 membrane (86.7±2.4%), which shows a slightly lower gel fraction 

than that of C-IL-80 (91.2±3.3%). Possibly the concentration of the multication 

crosslinker is too high, which results in an incomplete reaction with m-TPN.  

3.3.2 Thermal and mechanical properties of the crosslinked AEMs  

The mechanical stability of the AEMs is one of the important parameters for 

commercial applications. Table 3.1 & Fig. 3.5c show some mechanical properties of 

non-crosslinked m-TPNPiQA and multication crosslinked C-IL-x AEMs. Compared 

to the non-crosslinked m-TPNPiQA membrane, all the crosslinked C-IL-x 

membranes presented a higher tensile strength and elongation at break, indicating 

that introducing multication crosslinking into the AEMs is effective in improving 

the mechanical properties of the membranes. Compared to the crosslinked polymers, 

the relatively low molecular weight of m-TPNPiQA may be responsible for the 

lower mechanical properties. For the crosslinked AEMs, the C-IL-20 has the highest 

tensile strength at 49.77 MPa, Young’s modulus (781.49 MPa), while the C-IL-100 

shows the lowest tensile strength (22.91 MPa). That is the high IECm of C-IL-100 

AEMs gained at the expense of mechanical strength. But the elongation at break of 

C-IL-100 (25.25 %) was higher than the C-IL-20 (14.70 %) and even higher than 

that of the reported crosslinked poly(4-vinylphenol)-based, poly(phenylene oxide)-

based, and polymers of intrinsic microporosity-based AEMs,26-28 due to the 

plasticization of water.29 Therefore, the incorporation of a multication crosslinker in 
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AEMs could improve tensile strength and overcomes the trade-off between the IECm 

and mechanical properties.  

The thermal stability of the C-IL-x AEMs in the halogen form was investigated 

by the thermogravimetric analysis (TGA), as presented in Fig. 3.5d. The initial 

weight loss of around 275 °C can be attributed to the decomposition of the alkyl 

chain and cationic groups. It is observed that the initial decomposition temperature 

decreased with the increased content of the multication crosslinker. The m-

TPNPiQA without a crosslinker shows an initial decomposition temperature of 

360 °C and is more stable than the crosslinked AEMs. The weight loss starting at 

470 °C can be attributed to the decomposition of the rigid polymer backbone. The 

results show that all the crosslinked AEMs are stable up to 250 °C, indicating the 

membranes could meet the requirements for the application of water electrolysis.  

Table 3.1 Mechanical properties of m-TPNPiQA and crosslinked C-IL-x 

membranes in the wet state. 

Samples Young’s 

modulus (MPa) 

Elongation at break 

(%) 

Tensile strength 

(MPa) 

m-TPNPiQA 646.67 8.94 21.05 

C-IL-20 781.49 14.70 49.77 

C-IL-40 729.78 16.33 39.34 

C-IL-60 563.65 17.74 31.94 

C-IL-80 382.57 19.13 24.30 

C-IL-100 275.79 25.25 22.91 

3.3.3 Ionic exchange capacity, water uptake, and swelling ratio 

IEC is an important parameter that represents the number of charged groups in 

the membrane. A high IEC typically enhances ion conductivity. As listed in Table 

3.2, the non-crosslinked m-TPNPiQA membrane shows an IECm value of 2.54 meq 
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g-1. The crosslinked C-IL-x AEMs do not sacrifice IECm since the multication 

crosslinker contains two cationic groups that even enhance the IEC. The IECm of C-

IL-20, C-IL-40, C-IL-60, C-IL-80, and C-IL-100 membranes were measured to be 

2.76, 2.79, 2.83, 2.85, and 2.99 meq g-1, respectively. These values are near the 

theoretical values, IECm, that range from 2.85 to 3.33 meq g-1. The possible reason 

for the slightly lower experimental values is that the functionalization of the 

crosslinked AEMs was carried out by an immersing method, during which some of 

the piperidine groups were not fully functionalized.30 

 
Fig. 3.6 (a) Water uptake and (b) swelling ratio of the crosslinked C-IL-x AEMs as 

a function of temperature. 

 
Table 3.2 & Fig. 3.6 show the WUm and SRl of the AEMs in the OH− form as a 

function of temperature. The WUm (52.3%) and SRl (22.1%) of the non-crosslinked 

m-TPNPiQA AEM at 20 °C were slightly higher than most C-IL-x AEMs except C-

Table 3.2 IEC, WUm, SRl, and conductivity of the m-TPNPiQA and C-IL-x AEMs. 
Samples IEC (meq g-1) WUm (%) SRl (%) Conductivity 

(mS cm-1) 
 

Theo.a Mass.b 20 °C 80 °C 20 °C 80 °C 30 °C 80 °C  
m-

TPNPiQA 
2.66 2.54 52.3 65.2 21.1 25.7 28.8 68.7  

C-IL-20 2.85 2.76±0.05 16.5±2.4 26.3±4.5 5.4±2.6 8.4±1.3 30.7±0.6 75.6±1.4  
C-IL-40 3.01 2.79±0.08 22.7±3.9 32.0±1.7 12.8±1.5 16.5±1.6 31.8±1.2 80.8±3.2  
C-IL-60 3.14 2.83±0.06 32.1±4.5 53.7±2.3 17.0±1.3 22.5±1.3 34.2±0.1 82.1±1.5  
C-IL-80 3.24 2.85±0.10 44.2±4.1 56.7±2.8 18.7±2.7 24.1±1.2 35.6±0.7 87.9±2.7  
C-IL-100 3.33 2.99±0.16 66.7±2.2 97.0±5.9 27.7±3.9 35.9±1.7 39.5±0.4 94.6±2.0  

a Theoretical values were calculated via the ratio of m-TPN polymer and multication crosslinker. b Experimental values 
were obtained via titration.  
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IL-100. By increasing the crosslinking degree, the WUm of C-IL-x AEMs rose from 

26.3% to 97.0%, while the SRl varied from 8.5% to 35.7% at 80 °C. The swelling 

ratio of the crosslinked AEMs is thus strongly influenced by the IECm rather than 

the actual crosslinking degree (represented in Fig. 3.5b by the gel fraction). The 

IECm increases, whereas the crosslinking degree saturates at higher content of 

crosslinker. Due to a high IECm, membrane swelling can be greatly reduced due to 

the formed tight-binding structure. A similar phenomenon can be observed in other 

multication crosslinked AEMs.31 The WUm and SRl of C-IL-x (x=20, 40, 60, and 80) 

were relatively low except for the C-IL-100, for which the increase in charge by the 

crosslinker and incomplete crosslinking led to swelling. Therefore, it can be 

concluded that the trade-off between IECm and dimensional stability can be solved 

by introducing a multication crosslinker with proper crosslinking degree into the 

AEMs.28,32  

3.3.4 Membrane morphology 

The morphology of AEMs plays an important role in the formation of effective 

ion conduction channels. m-TPNPiQA membrane morphology was characterized by 

small-angle X-ray scattering (SAXS) and transmission electron microscope (TEM) 

in our previous work (see Chapter 2).23 The surface morphology of crosslinked C-

IL-x AEMs was characterized by atomic force microscopy (AFM), as shown in Fig. 

3.7.  

The darker areas represent the hydrophilic ionic domains which contain the ionic 

groups, while the lighter regions belong to more hydrophobic domains. After 

introducing the multication crosslinker in the AEMs, the microphase separation 

morphology of the membranes become obvious and well-organized. In particular, 

C-IL-100 exhibits a strongly microphase separated morphology due to its high IECm, 

indicating that the introduction of hydrophilic multication crosslinker into the m-

TPN could promote the formation of hydrophilic/hydrophobic micro-phase 
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separated domains. Well-developed domains forming continuous percolating ion 

transport channels are favorable for improving ion conductivity in the AEMs and 

will be discussed below. In addition, all the AEMs display a surface roughness root-

mean-squared below 3 nm, indicating the AEMs had a smooth surface.  

 

Fig. 3.7 AFM phase images and 3D height topography of the crosslinked AEMs. 

SAXS was used to investigate the bulk morphology of the crosslinked AEMs. Fig. 

3.8 shows the scattered intensity with respect to the scattering vector (q). The cross-

linked AEMs demonstrated prominent micro-phase separation peaks. According to 

Bragg’s equation (𝑑 = 2𝜋/𝑞), the d-spacing of the AEMs was calculated to be in 

the range of 4.5-5.2 nm. In our previous work (see Chapter 2), the non-crosslinked 

m-TPNPiQA membrane showed a d-spacing of 1.85 nm,23 which is much lower than 
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that of C-IL-x AEMs. This can be attributed to the introduction of multications that 

promote the aggregation of the ions, thereby enhancing micro-phase 

separation.10,33,34 Notably, with increased content of multication crosslinker, a larger 

domain size is observed. Besides, with the increasing content of the multication 

crosslinker, there is another peak appearing around 0.64 nm-1 for C-IL-60, C-IL-80, 

and C-IL-100, and the d-spacing of the AEMs was calculated to be approximately 

10 nm. This peak may come from the incomplete reacted multication crosslinker, 

which works as a side chain of poly(phenylalkylene)s that may self-assemble. These 

results further confirmed the contribution of multications for ion aggregation. Given 

the results from AFM and SAXS, it can be concluded that the flexible multication 

crosslinker plays an essential role in the microstructure formation and enhanced ion 

conduction through the AEMs.31  

 

Fig. 3.8 SAXS profiles of the C-IL-x membranes. 

3.3.5 Hydroxide conductivity  

Ionic conductivity forms a crucial property of ion exchange membranes for their 

potential performance in water electrolysis. High conductivity and low swelling ratio 
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are required for the application of AEMs. Table 3.2 & Fig. 3.9a show the hydroxide 

conductivity of the as-prepared AEMs in the OH− form. The hydroxide 

conductivities of the membranes displayed the common upward trend with 

temperature elevation due to the increased mobility of ions at elevated temperatures. 

The conductivity of the crosslinked C-IL-x AEMs ranges from 30.7 to 94.6 mS cm-

1 at 30-80 °C. It is clear that increasing the content of the multication crosslinker 

improves the conductivity of the AEMs. This is attributed to the increased IECm or 

crosslinking degree of C-IL-100, which is beneficial to promoting the aggregation 

of ionic groups giving a well-developed micro-phase separated structure, as 

confirmed by the results from AFM and SAXS (Fig. 3.7 & Fig. 3.8). Compared with 

non-crosslinked m-TPNPiQA membranes (Table 3.2), the conductivity of 

crosslinked C-IL-x membranes didn’t decline, confirming that the introduction of 

multication crosslinkers does not sacrifice the conductivity. The conductivities of 

the C-IL-x AEMs showed an Arrhenius-type temperature dependence (Fig. 3.9b).26 

The apparent activation energy (Ea) estimated from the slopes of the ln σ (OH−) vs. 

1/T plots were calculated to in the range of 15-17 kJ mol-1, suggesting that the ion 

migration in the C-IL-x AEMs occurs via hopping processes between coordination 

sites.35,36 

The application of AEM-based devices requires the AEMs material to contain a 

high conductivity and low SR, which could minimize the overall cell voltage and 

maintain structural integrity.4,37,38 The hydroxide conductivity and SR of the C-IL-x 

AEMs in this study were compared with some typical polyphenylene-based AEMs 

reported in the literature, as shown in Fig. 3.9c & Fig. 3.9d. It was found that the C-

IL-x AEMs exhibited lower SR and higher ionic conductivity than most reported 

AEMs under similar conditions. This is likely due to the introduction of multication 

crosslinkers that result in a microphase-separated morphology. As discussed above, 

the multication crosslinker could facilitate ion aggregation and provide more 

pronounced microphase separation, resulting in the formation of efficient ion 
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transport channels for high ion-conducting. The crosslinking constrains the SR and 

avoids a low conductivity caused by ion dilution. These results confirm that the 

crosslinked C-IL-x AEMs are attractive candidates for water electrolysis 

applications.  

 

Fig. 3.9 (a) the hydroxide conductivity of the fully hydrated C-IL-x AEMs. (b) 

Arrhenius plots of the C-IL-x AEMs. The Ea of C-IL-x (20, 40, 60, 80, and 100) 

are 16.14±0.07 kJ mol-1, 16.69±0.09 kJ mol-1,15.74±0.04 kJ mol-1, 15.84±0.17 kJ 

mol-1, and 15.98±0.19 kJ mol-1, respectively. (c) Comparison of hydroxide 

conductivity and (d) SR as a function of IEC at 80 °C.4,24,39-42 

3.3.6 Alkaline stability 

The development of cationic polymers for AEMs with excellent alkaline stability 

is a considerable challenge in materials chemistry. In our previous work (see 

Chapter 2), the alkaline stability of m-TPNPiQA was tested in 1 M, 2 M, and 5M 

NaOH solution at 80 °C for 240 h. Less than 6% of IECOH
-
 was lost after the stability 

test, indicating good stability of m-TPNPiQA.23 Here, the alkaline stability of the C-

xiuqin
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IL-x AEMs was systematically investigated by monitoring the variation in the 

chemical structure after alkaline exposure via FT-IR spectroscopy. Fig. 3.10a 

compares the FT-IR spectra of the C-IL-100 AEM before and after immersing the 

membranes into 1 M KOH at 50 °C for 1200 h. The two new absorption bands 

around 1420 cm-1 and 1600 cm-1 were attributed to the degradation product, which 

can be observed for C-IL-100 and other C-IL-x AEMs (x = 20, 40, 60, and 80). 

Based on our previous studies on the degradation mechanism of m-TPNPiQA (see 

Chapter 2), these two new peaks may be attributed to the −CH=CH2 groups, which 

are formed by the β-Hofmann elimination reaction of piperidinium groups.23 The 

change in OH− conductivity of C-IL-100 AEMs during ex-situ durability testing is 

shown in Fig. 3.10b. The conductivities of the C-IL-100 decreased slightly to 98% 

of the initial value after treating with 1 M KOH at 50 °C for 1200 h. Most of this 

decrease happens within the first 100 h, with an almost stable conductivity after that. 

These results indicate that the combination of ether-bond-free structure and 

multication crosslinker is beneficial to obtaining AEMs with robust alkaline stability.  

 
Fig. 3.10 (a) The FT-IR spectra of the C-IL-100 AEM before and after treatment 

with 1 M KOH at 50 °C for 1200 h. and (b) Remained conductivity of the C-IL-

100 AEM during the stability test. 
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3.4 Conclusion 

In summary, we presented the preparation and characterization of multi-cation 

crosslinked C-IL-x membranes and investigated their potential for alkaline water 

electrolysis (in Chapter 5). The combination of flexible and densely functionalized 

crosslinkers is effective in achieving AEMs with good flexibility and mechanical 

property. The tensile stress of C-IL-20 is almost 2.5 times higher than m-TPNPiQA, 

and the tensile strain of C-IL-100 is three times higher. In addition, the crosslinked 

C-IL-x membranes formed distinct hydrophilic/hydrophobic phase-separated 

structures as confirmed by SAXS and AFM. Compared to non-crosslinked m-

TPNPiQA membranes, a significant improvement in the ion conductivity was 

observed for the multi-cation crosslinked C-IL-100 AEM (94.6 mS cm-1 at 80 °C). 

The C-IL-x membranes also limit water swelling of the AEMs compared to the non-

crosslinked m-TPNPiQA. Besides, the C-IL-x has better alkaline stability than that 

of the m-TPNPiQA membrane. These improvements indicate that multi-cation 

crosslinked C-IL-x AEMs are potential candidates for future applications. 
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ABSTRACT 

The development of high-performance anion exchange membranes (AEMs) has 

been hampered by the "trade-off" phenomenon between ionic conductivity and 

membrane swelling. Crosslinking is a feasible method to handle this problem. Herein, 

partially functionalized polystyrene (FPVBC) was used as a macromolecular 

crosslinker for poly(arylene piperidine) (PAP) to fabricate novel crosslinked AEMs 

(C-FPVBC-x). Crosslinking AEMs with ether-bond-free structures is beneficial to 

obtaining membranes with high conductivity and limited swelling in water. Atomic 

force microscopy (AFM) results show that increasing the content of FPVBC 

facilitates the formation of well-developed micro-phase separated morphology. C-

FPVBC-1.7 AEM with the highest amount of FPVBC has a high conductivity of 

40.15 mS cm-1 and a diffusion coefficient of 1.61×10-9 cm2 s-1 at 30 °C. Besides, the 

conductivity only decreases by 7 % after alkaline treatment (1 M KOH, 50 °C) for 

1200 h, demonstrating robust alkaline stability. The results manifest that 

macromolecular crosslinked AEMs possess great potential for practical applications 

in water electrolysis.  
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4.1 Introduction 

Sustainable and clean energy conversion and storage technologies are crucial 

strategies for tackling the urgent global energy crisis and human-caused 

environmental concerns. To ameliorate the energy crisis, numerous energy 

conversion techniques, including fuel cells, solar cells, lithium-ion batteries, 

supercapacitors, and water electrolysis, are presently being developed.1 Among them, 

water electrolysis is an up-and-coming energy conversion method that uses 

intermittent renewable energy sources like wind, tides, and solar energy to generate 

hydrogen from water resources.2 Hydrogen is known as the core of the world's future 

energy architecture and is considered the cleanest fuel. The majority of hydrogen is 

currently created through reforming natural gas and gasifying coal and biomass. 

However, these processes consume fossil fuels and produce undesired greenhouse 

gas (CO2). The production of H2 using water electrolysis technology could reduce 

the cost of hydrogen and mitigate the exhaust of greenhouse gas.3 

According to the various electrolytes or transportation ions, water electrolysis 

technology can be divided into three main types, namely water electrolysis (AWE), 

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

membrane water electrolysis (AEMWE). AEMWE has significant advantages over 

AWE or PEMWE due to its rapid kinetics for the oxygen reduction process and the 

opportunity to exploit earth-abundant transition metals (such as nickel) as 

electrocatalysts, which highly reduces the cost of hydrogen production.4 As an 

essential component of AEMWE, anion exchange membranes (AEMs) function as 

a separator to isolate oxygen and hydrogen gas and transmit hydroxide ions. 

Advances in membrane technology help accelerate the growth of AEMWE to be a 

superior hydrogen production method, as opposed to the traditional hydrocarbon 

extraction and meet future demands for renewable hydrogen.3 A high ionic 

conductivity is required for AEMs operating under relevant conditions. In addition, 

AEMs must have enough water absorption with minimal dimensional change 
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(swelling) to facilitate ion conduction and strong chemical stability in a highly 

alkaline environment.5 However, the investigation of AEMs development for 

AEMWE is still in the early stage. A deeper understanding and improvement of 

AEMs in AEMWE technology are imperative to enable commercially available 

hydrogen generation. Nowadays, the conductivity of the AEMs still lags behind the 

proton exchange membranes (PEMs) due to the lower mobility of OH−. Improving 

the ionic exchange capacity (IEC) of AEMs helps to enhance this conductivity. 

Nonetheless, a high IEC generally causes an increase in water uptake and swelling 

ratio, resulting in poor mechanical stability. The “trade-off” problem of ionic 

conductivity and membrane swelling still needs to be solved. Besides, the traditional 

AEMs have a tendency to degrade under alkaline conditions due to the nucleophilic 

attack from OH−, limiting the commercialization progress of AEMs. 

The state-of-the-art polyelectrolytic AEMs are developed based on different 

materials, such as poly(arylene ether),6 poly(phenylene oxide),7 poly(olefinic),8,9 

poly(phenylene),10 poly(alkyl phenylene),11,12 and other polymers.13,14 In many cases, 

the alkaline stability of an AEM is governed by a combination of cationic groups 

and polymer backbones.15, 16 The cationic groups in AEMs are easy to degrade under 

alkaline conditions due to the displacement of cationic groups by hydroxide ions via 

nucleophilic substitution, Hofmann degradation, and ylide degradation.17 As a 

consequence, a decrease in IEC and ionic conductivity is usually observed after the 

alkaline treatment. After investigating various N-heterocyclic ammonium groups, 

Lee et al.18 identified piperidinium-based cations as alkali-stable groups under 

alkaline conditions. Our previous work further investigated the effect of N-cyclic 

cations on membrane performance.19 After treatment with a 5 M NaOH solution at 

80 °C for 240 h, the piperidinium-functionalized AEMs revealed an IECOH
- loss of 

less than 6%. This offers guidelines for designing AEMs with alkaline stability.  

Aside from cation degradation, aryl ether-containing polyaromatics are 

susceptible to hydroxide attacks, which might also trigger backbone cleavage.20 
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When the adjacent phenyl ring contains electron-withdrawing substituents, this 

effect is magnified. Particularly for benzyl-based backbones bearing sulfone linkage, 

which generates electron shortage in the benzyl ring, boosting backbone cleavage 

susceptibility.21 One of the most promising methods to enhance the stability of 

AEMs for long-term operation in AEMWE is to prepare AEMs with ether-bond-free 

backbones.20 Wang et al.20 prepared a series of AEMs with rigid ether-bond-free 

backbone and piperidinium cation. These membranes display robust chemical 

stability upon exposure to 1 M KOH at 100 °C for 2000 h. However, the rigid 

polymer backbones can result in brittle AEMs and poor mechanical properties.22 One 

of the most effective measures to minimize membrane swelling and optimize AEM’s 

mechanical and physical properties is via incorporating crosslinks. We used a small 

multication crosslinker in Chapter 3 to fabricate crosslinked AEMs.23 The AEMs 

showed better dimensional stability and higher conductivity than non-crosslinked 

AEMs. Compared to small-molecular crosslinkers, macromolecular crosslinkers 

contain more reactive functional groups in the polymer chain, allowing the formation 

of a much denser crosslinking network structure.24  

Inspired by the advantages of ether-bond free backbone and macromolecular 

crosslinker. Herein, partially functionalized poly(vinyl benzyl chloride) (FPVBC) 

was chosen as the macromolecular crosslinker to combine with poly(arylene 

piperidine) (PAP) to fabricate novel crosslinked AEMs (C-FPVBC-x). FPVBC 

possesses a reactive −CH2Cl group in the repeating unit which can react with the 

piperidine group on the PAP to form cationic groups and densely crosslinked 

structures. This crosslinking strategy could significantly mitigate the “trade-off” 

problem of ionic conductivity and membrane swelling. Membrane properties 

including water uptake, swelling ratio, hydration number, and ionic conductivity 

were evaluated. A molecular-level assessment of the polymer structure and anion 

transport within these polymers was conducted using molecular dynamics 

simulations to compare with the obtained experimental results. The AEMWE 
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durability and performance were also explored by assembling and assessing C-

FPVBC-1.7 AEM in a lab-scale electrolyzer.  

4.2 Experimental 

4.2.1 Materials 

m-Terphenyl (m-TPN), N-methyl-4-piperidone, trifluoromethanesulfonic acid 

(TFSA), 1-methyl piperidine, poly(vinyl benzyl chloride) (PVBC, Mn ~55000 Da 

and Mw ~100000 Da), iodomethane (CH3I, 99%), and N, N-diisopropylethylamine 

(DIPEA, 99%) were purchased from Sigma-Aldrich and used without further 

purification. K2CO3, NaCl, KOH, NaNO3, AgNO3, and solvents like methylene 

chloride (DCM) and dimethyl sulfoxide (DMSO) were bought from VWR and used 

as received. Ultrapure water was used throughout the experiments.  

4.2.2 Synthesis of poly(arylene piperidine)  

The synthetic route of poly(arylene piperidine) (PAP) is shown in Scheme 4.1. In 

a 250 mL three-necked flask equipped with magnetic stirring and ice bath, N-methyl-

4-piperidone (1.47 g, 1.3 eq) and m-triphenyl (2.30 g, 1.0 eq) were dissolved in DCM 

(20 mL) to form a homogeneous solution. Subsequently, TFSA (8.80 ml 10 eq) was 

added dropwise slowly to the reaction solution. After 24 h, the resulting brown 

solution became viscous and was poured slowly into ultrapure water to form a 

precipitate. The white fibrous solid was filtered, washed with water, and dried in the 

oven at 60 °C overnight. The light-yellow solid denoted as PAP polymer was 

obtained.  

4.2.3 Synthesis of partial functionalized poly(vinyl benzyl chloride) 

The partial functionalized poly(vinyl benzyl chloride) (FPVBC) with an expected 

functionalization degree of 80% was synthesized via the Menshutkin reaction by 
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following the steps described by Lin et al.9 The synthetic route lists as follows: 

PVBC (1.83 g, 1.0 eq) and 1-methyl piperidine (0.80 g, 0.8 eq) were dissolved in 

DMSO (26.0 mL) in a one-necked flask. Under magnetic stirring, the reaction was 

carried out at 60 °C for 24 h. The resulting solution was then used directly to 

fabricate crosslinked membranes. 

 
Scheme 4.1 The preparation route of C-FPVBC-x crosslinked AEMs. 

4.2.4 Preparation of crosslinked membranes 

The C-FPVBC-x membranes (where the x represents the molar ratio of -CH2Cl- 

in FPVBC to piperidine group in PAP, x=0.7, 0.8, 1.0, 1.2, and 1.7) were prepared 

using similar procedures as described below. Take the C-FPVBC-1.0 as an example 

(the molar ratio of -CH2Cl- in FPVBC to the piperidine group in PAP is 1:1). Firstly, 

the PAP (0.14 g) was dissolved in 4.0 mL of DMSO. Then the 1.0 mL of FPVBC 

solution and 20 μL of DIPEA were mixed with PAP solution. The mixture was 

stirred at room temperature and then cast onto a flat glass plate. The cast solution 

was dried at 80 °C for 48 h in the oven to obtain a flexible membrane. Then the 
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membranes were peeled off and placed into iodomethane solution in a dark 

environment at room temperature for 24 h. The resulting membranes were washed 

with ultrapure water and ion exchanged in 1 M KOH at room temperature for 48 h 

to obtain the AEMs in the hydroxide form. The samples were then washed 

thoroughly with ultrapure water to remove the residual KOH and stored in degassed 

deionized water in a bottle that was blanketed with flowing N2 to avoid carbonation 

before use.  

4.3 Results and discussion 

4.3.1 Synthesis and characterization of C-FPVBC-x AEMs 

A typical acid-catalyzed polycondensation reaction was used to prepare the 

aromatic polymer PAP. As demonstrated in Fig. 4.1, 1H NMR spectroscopy 

validated the chemical structure of the PAP polymer. DMSO-d6 was used as the 

solvent and showed a peak at 2.50 ppm. Signals from the arylene protons were 

observed at 7-8 ppm. Protonation of the piperidine ring caused proton splitting.26 

The peaks at 2.34 ppm and 2.85 ppm are attributed to the proton signals (H1) from 

the piperidine group. The proton signals (H2, α-hydrogen) locate at 3.25 and 3.55 

ppm, and the methyl proton (H3) locate at 2.75 ppm. The integral ratio of H3 to H1 

is 1.00:1.47, similar to the theoretic value of 1:1.50, indicating the successful 

synthesis of PAP polymer. Fig. 4.2 shows the 1H NMR spectrum of FPVBC polymer. 

Clear characteristic signals from benzene rings (H3,4,10,11) can be observed between 

6.50 to 7.50 ppm. The signal (H6) at 3.01 ppm ascribes to the methyl group from 

piperidinium groups in FPVBC. Similarly, the ratio of the integral area of the peak 

at 3.01 ppm to the peak at 4.74 ppm (H5,12) is in line with the theoretical values, 

showing that the FPVBC was successfully fabricated.  
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Fig. 4.1 1H NMR spectrum of PAP. 

 
Fig. 4.2 1H NMR spectrum of FPBVC. 

A series of crosslinked AEMs (C-FPVBC-x, x=0.7, 0.8, 1.0, 1.2, and 1.7) were 

successfully prepared. We found that C-FPVBC-x AEMs with x>1.7 became brittle 

and deformed, as shown in Fig. 4.3, which is unsuitable for practical applications. 

Thus, we didn’t investigate the membrane performance of crosslinked C-FPVBC-x 

AEMs with x>1.7. Both scanning electron microscope (SEM) image (Fig. 4.4) and 

the optical photo (Fig. 4.3) of the C-FPVBC-1.7 AEM demonstrated that the as-

prepared AEMs are rigid, transparent, and dense. The thickness of the membranes is 

about 60 ± 5 μm.  
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Fig. 4.3 The appearance of crosslinked AEMs by increasing the ratio of FPVBC to 

PAP higher than 1.7. 

 
Fig. 4.4 SEM image and membrane photo of C-FPVBC-1.7 AEM. 

In C-FPVBC-x AEMs, a high value of x is expected to result in a high crosslinking 

degree, and the color of the casting solution becomes deep brown, as shown in Fig. 

4.5. The crosslinking degrees of the crosslinked C-FPVBC-x AEMs were confirmed 

by their gel fraction (GF) experiments, as presented in Table 4.1. The results 

demonstrated that all the GF increased with increasing content of FPVBC and 

reached a high GF up to 89.15%. Noted that the PAP and FPVBC are both soluble 

in DMSO solvent, while the crosslinked C-FPVBC-x AEMs maintain intact and only 

a small amount of membrane becomes soluble in DMSO at 80 °C. This is due to the 

successful network formation inside the C-FPVBC-x membranes.  
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Fig. 4.5 Crosslinking phenomenon during preparation of the AEMs in various 

ratios at 80 °C for 48 h, (a) PAP and FPVBC solution, (b) C-FPVBC-0.7, (c) C-

FPVBC-0.8, (d) C-FPVBC-1.2, and (e) C-FPVBC-1.7 solutions, respectively. 

 
Fig. 4.6 FT-IR spectra of the PAP, FPVBC, and corresponding C-FPVBC-1.0 

membrane. 

 
Fig. 4.7 FT-IR spectra of the C-FPVBC-x AEMs. 
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A more detailed look at the crosslinked structure can be seen by FT-IR 

spectroscopy, as illustrated in Fig. 4.6. The absorption peaks at 1647 cm-1 and 1497 

cm-1 correspond to the signature bands of the benzene ring,27 while the peaks around 

1465 cm-1 are attributed to the stretching vibration and deformation vibration of C–

H (–CH3) from piperidinium compounds.25 The absorption bands at 3026 cm-1 and 

2929-2852 cm-1 correlate to the stretching vibrations of aromatic C–H and alkane 

C–H stretching, respectively.28 Additionally, around 1080 cm-1, the distinctive 

absorption bands of C–N+ are detected.29 The C–N stretching vibration gives an 

absorption band at 1259 cm-1, which is greatly decreased owing to the presence of 

quaternary ammonium cations after the crosslinking procedure. The typical peaks 

induced by the stretching of C–Cl of FPVBC at 810 cm-1 also vanished after 

crosslinking.25 The result proves that the cross-linking reaction of the PAP and 

FPVBC chain is carried out successfully. The FT-IR spectra of other C-FPVBC-x 

AEMs are shown in Fig. 4.7. In contrast, only increasing intensity of broad –OH 

stretching vibrations around 3400 cm-1, belonging to the water molecules, was 

observed by increasing the content of FPVBC.30  

4.3.2 Membrane Morphology  

The morphologies of the crosslinked C-FPVBC-x membranes in the OH− form 

are evaluated using atomic force microscopy (AFM) and small-angle X-ray 

scattering (SAXS). It is noted that the thermodynamic incompatibility between 

hydrophobic segments and hydrophilic segments inside the C-FPVBC-x AEMs 

triggers the fabrication of a micro-phase separated structure. As shown in AFM 

tapping mode images in Fig. 4.8, the darker region represents the hydrophilic 

domains which are mainly composed of piperidinium cation groups and water. The 

bright part is attributed to the hydrophobic domain, which is mainly composed of 

poly(phenylene) and poly(vinyl benzyl chloride) polymer chains.31,32 Interestingly, 

the difference in properties of FPVBC and PAP resulted in two different 
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morphologies for C-FPVBC-x AEMs. With the increasing content of FPVBC, more 

distinct hydrophobic/hydrophilic phase separation was observed. The large ionic 

clusters are formed due to the significant agglomeration of piperidinium cations. In 

comparison, the morphology of the pure functionalized FPVBC polymer membrane 

is shown in Fig. 4.8 to have featureless or virtually no appreciable ion clusters, which 

were also observed in pure functionalized PAP (named m-TPNPiQA) in our 

previous work.23 The results indicated the formation of well-connected ionic 

channels in crosslinked C-FPVBC-x AEMs, resulting in a highly efficient way for 

ion conduction, thereby potentially enhancing the conductivity of the AEMs.  

 

Fig. 4.8 AFM observations of the morphologies of C-FPVBC-x AEMs and 

FPVBC. 

The morphologies of the crosslinked C-FPVBC-x AEMs were further analyzed 

by SAXS measurement. The scattering intensity as a function of the scattering vector, 

q, is shown in Fig. 4.9. All the as-prepared C-FPVBC-x membranes show distinct 

peaks at 1.3 nm-1 and 2.1 nm-1, respectively, and a small q peak at 0.6 nm-1. 
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According to equation (d=2π/q), the Bragg spacings “d” for these membranes was 

calculated to be 10.47 nm, 4.83 nm, and 3.00 nm, respectively. A higher value of d-

spacing indicates the presence of larger hydrophilic (ion-rich) domains, leading to 

the formation of efficient ion transport pathways.  

 
Fig. 4.9 SAXS plots of the C-FPVBC-x membranes. 

4.3.3 Ion exchange capacity, water uptake, and swelling ratio  

The ratio of FPVBC to PAP was controlled to tune the IEC values. As shown in 

Table 4.1, the theoretical IECtheo of the membranes was calculated based on the mole 

fraction of cationic piperidinium and the total mass of the polymer. Due to the high 

molecular mass of PAP, the IECtheo changed slightly with the increasing ratio of 

FPVBC, while the titrated gravimetric IECm increased more significantly. Here, the 

IECv reflects the concentration of fixed charges within the ionomer matrix under-

hydrated conditions.34,35 Due to their increased crosslinking degree, the IECv values 

decreased for C-FPVBC-x AEMs. The lower IECv value of m-TPNPiQA was caused 

by excessive water inside the membrane, which could result in a lower hydroxide 

conductivity. A similar tendency can be observed in the literature.36,37  
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Fig. 4.10 (a) Water uptake and (b) swelling ratio of the C-FPVBC-x membranes. 

 
For most AEMs, ion conduction is usually realized by using water as the carrier, 

so the water absorption of the membrane is of great significance to its conductivity. 

The water absorption of membranes mainly depends on the IEC, as well as the 

intramolecular and intermolecular structure of the membranes. Water uptake (WU) 

and swelling ratio (SR) of the C-FPVBC-x AEMs in the OH− form are presented in 

Fig. 4.10. The tendency of WUm, WUv and SRl values are well followed in the same 

manner as crosslinking degree or IECm values. Specifically, the C-FPVBC-1.7 (IECm 

= 3.19 meq g-1) had the highest WUm (74.73%) and SRl (25.42%) at 80 °C, which 

are higher than that of the C-FPVBC-0.7 membrane (WUm = 35.21%, SRl = 8.44%). 

Besides, the WU and SR of the C-FPVBC-x membranes increased with increasing 

temperature. In the case of catalyst-coated membranes, the swelling of the membrane 

causes wrinkles, and in AWMWE, it may lead to the delamination of the membrane 

and catalyst layers.38,39 The AEMs prepared by macromolecular crosslinking can 

Table 4.1 Summary of physical characterization data of C-FPVBC-x AEMs at 20 °C. 
AEMs GF 

(%) 
IECtheo

a 
(meq g-1) 

IECm
b 

(meq g-1) 
IECv

b 
(meq cm-3) 

WUm 
(%) 

WUv 
(%) 

SRl 
(%) 

l 
(OH-) 

σ 
(mS cm-1) 

DOH
- 

(10-9 cm2 s-1) 
  

C-FPVBC-0.7 78.08 3.20 2.82 2.69 23.64 29.19 3.98 4.66 15.68 0.48   

C-FPVBC-0.8 82.36 3.21 2.85 2.53 32.24 40.09 5.97 6.46 28.78 1.00   

C-FPVBC-1 85.29 3.23 2.89 2.48 39.12 50.53 8.00 7.50 31.39 1.16   

C-FPVBC-1.2 87.18 3.25 2.98 2.49 44.54 59.14 14.90 8.68 36.50 1.38   

C-FPVBC-1.7 89.15 3.28 3.19 2.50 52.65 70.09 20.56 9.17 40.15 1.61   

m-TPNPiQA - 2.66d 2.54 2.09 52.28 73.27 21.14 10.92 22.11 1.04   

a Theoretical value calculated from the feed ratio. b Experimental data by titration. 
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effectively constrain the swelling ratio.40,41 Compared with some reported AEMs, 

the C-FPVBC-x membranes have lower SRl at similar IEC and temperature, 

indicating the crosslinking is efficient in improving the dimensional stability of the 

AEMs.42-44  

4.3.4 Hydroxide conductivity 

The hydroxide conductivity is crucial for AEMWE applications. AEMs should 

have high ionic conductivity to enable a low ohmic resistance of the electrolyzer 

cell.38 Fig. 4.11a shows that the conductivity of the AEMs is temperature-dependent. 

The mobility of the OH− ion increased with temperature, resulting in enhanced 

conductivity. The C-FPVBC-1.7 membrane with the highest IEC (IECm = 3.19 meq 

g-1) has the maximum conductivity at 80 °C (77.15 mS cm-1), and this value is about 

twice that of C-FPVBC-0.7 AEM (36.44 mS cm-1, IECm = 2.82 meq g-1) at the same 

temperature. With the increase of IECm, the hydroxide conductivity of the C-

FPVBC-x AEMs shows less dependence on the temperature.45 A reasonable WU of 

the C-FPVBC-1.7 membrane is helpful in transporting the hydroxide ions. We 

believe that the optimal combination of FPVBC and PAP is also crucial for 

enhancing the mobility of the cationic group, hence enhancing ion conduction. Thus, 

the hydroxide conductivity of the crosslinked C-FPVBC-x membranes increased 

with the increasing content of FPVBC. This is also attributed to the assembling of 

cations through crosslinking, which generates what we referred as an ionic highway 

(as shown in Fig. 4.8 & Fig. 4.9) for enhanced transport.  

Arrhenius-type temperature dependence for C-FPVBC-x AEMs is shown in Fig. 

4.11b, with Ea calculated to be 9.02±0.06 kJ mol-1 for C-FPVBC-1.7, 9.22±0.06 kJ 

mol-1 for C-FPVBC-1.2, 11.56±0.08 kJ mol-1 for C-FPVBC-1.0, 10.06±0.07 kJ mol-

1 for C-FPVBC-0.8, and 13.19±0.10 kJ mol-1 for C-FPVBC-0.7, respectively. The 

Ea values were comparable to or slightly lower than those reported for other AEMs 

(10−17 kJ mol-1)19,46,47, and our previous m-TPNPiQA AEM without crosslinking 



Chapter 4. Macromolecular covalently crosslinked poly(arylene piperidinium)-based AEMs  91 

structure (15.4 kJ mol-1). Similar to these AEMs, lower Ea suggests that the C-

FPVBC-x AEMs possess a water-facilitated OH− conduction mechanism.  

 

Fig. 4.11 (a) Hydroxide conductivity and (b) Arrhenius plots of the C-FPVBC-x 

AEMs. 

 

Fig. 4.12 Conductivity (circles) and D/D0 (stars) of C-FPVBC-x and m-TPNQiQA 

membranes as a function of hydration number (λ) at 20 °C. 

To examine the relation between the ion conductivity and water volume fraction 

of C-FPVBC-x AEMs, hydroxide conductivity was replotted based on the hydration 

number (λ), as shown in Fig. 4.12. Under the effect of the tight crosslinked structure 

of C-FPVBC-x AEMs, the λ of the as-prepared AEMs was calculated between 4.66 

and 9.17, which is lower than that of TPNPiQA. C-FPVBC-1.7, with a λ value of 

9.17, exhibited the highest conductivity with better utilization of the absorbed water. 

While m-TPNPiQA AEM with a high λ value of 10.92 showed lower conductivity 
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due to the dilution of the ionic groups under higher WU.48, 49 The normalized 

diffusion coefficient (D/D0) represents the ratio between the ion diffusion coefficient 

in a membrane in hydroxide ion form (D) and the diffusivity of hydroxide ion in 

water (D0). 47, 50 It is another effective metric for analyzing ion conduction in swollen 

AEMs. A high D/D0 ratio indicates that the hydrated hydroxide ions are more mobile 

inside the membranes, resulting in greater conductivity.48 D/D0 of C-FPVBC-x 

AEMs were plotted as a function of λ. The D/D0 of C-FPVBC-x AEMs enhanced as 

the hydration number increased. C-FPVBC-1.7 achieved higher D/D0 of 0.32 at λ = 

9.71, followed by C-FPVBC-1.2 (D/D0 = 0. 28 at λ = 8.68), these values are higher 

than that of m-TPNPiQA (D/D0 = 0.21 at λ = 10.52). This is because the introduction 

of FPVBC provides more active sites for ion conduction and results in a more 

efficient ion-conducting pathway.51 These results suggest that the strategy of 

introducing macromolecular crosslinker into the AEMs can afford high 

concentration of ionic groups and lower λ, which is beneficial to improve the ionic 

conductivity.  

4.3.5 Thermal and mechanical stability 

The limited mechanical properties of AEMs have been cited as a major limitation 

hindering their potential use.52,53 AEMs with good mechanical properties are 

required. It is not only crucial for the membrane to be mechanically stable so as to 

prevent rupture or damage during the fabrication and assembling process of MEA 

but also to prevent hydrogen permeation in the AEMWE system. Especially for high 

elongation at break, a flexible membrane responds to tension and requires significant 

strain before it fractures.54 Ultimate tensile strength and elongation at break illustrate 

the membrane mechanical stability as shown in Fig. 4.13 and Table 4.2. The 

mechanical properties of C-FPVBC-x AEMs were measured at RT. The tensile 

strength and elongation at the break of the membranes varied from 5.67-25.45 MPa 

and 9.66-16.69%, respectively.  
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Table 4.2 The mechanical properties of C-FPVBC-x AMEs 

AEMs Young’s 

modulus 

(MPa) 

Elongation at 

break (%) 

Tensile 

strength 

(MPa) 

Reference 

C-FPVBC-0.7 88.63 9.66 5.67 This work 

C-FPVBC-0.8 178.1 8.51 6.07 This work 

C-FPVBC-1.0 196.38 7.86 7.69 This work 

C-FPVBC-1.2 252.04 17.12 15.09 This work 

C-FPVBC-1.7 478.28 16.69 25.45 This work 

m-TPNPiQAa 646.67 8.94 21.05 23 

QMter-co-Mpi-

100%b 

Not reported 24 11 10 

G-PPTPT-5:5c 1330 6.7 37.7 57 

Sustainion® 37-

50d 

Cracks when 

dry 

Cracks when dry Cracks when 

dry 

38 

QAPVP-5%e Not reported 3.5 7.4 59 

c-AEM-23f 2.03 4.48 37.1 58 

Membrane types: a N-cyclic cations functionalized poly(arylene piperidinium), b Quaternary ammonium 

functionalized poly(Mterphenyl-co-N-methyl-piperidine), c Guanidinium salt poly(piperidine trifluoro-

phenylethyl pterphenyl), d MIM functionated polystyrene, e Poly(4-vinylphenol) crosslinked by 2,6-

bis(hydroxymethyl)-4-cresol, f Poly(2,6-dimethyl-phenyleneoxide)s and Poly(4-vinylbenzyl chloride) 

crosslinking AEM. 

In comparison, owing to the formation of a crosslinking network via the PAP and 

FPVBC, these AEMs displayed comparable or superior performance to other non-

crosslinked PAP-based AEMs and other crosslinked FPVBC-based AEMs reported 

recently (Table 4.2).23,10,57,38,58,59 The tensile strength of the membranes increased 

upon the increase of the PAP component. The less crosslinked structure causes 

decreased tensile strength. Fewer crosslinks also relate to the absorbed water, which 

may function as plasticizers in the membrane.55 C-FPVBC-1.7 AEMs with the 
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highest ratio of PAP components exhibited the most considerable tensile strength of 

25.45 MPa and the highest elongation at break value of 16.69% among all the 

membranes. The simultaneous increase in mechanical strength and elongation at 

break may be attributed to reducing FPVBC and PAP semi-crystallization. Similar 

behavior has also been observed in other crosslinked polymers.56 Moreover, the PAP 

component is primarily responsible for the robust and flexible mechanical qualities 

since FPVBC is highly brittle. The Sustainion® 37-50, which is made of the MIM 

functionated PS polymer, has been reported to easily crack in the dry state, indicating 

the poor mechanical properties of pure FPVBC.38 Consequently, the PAP component 

is both the crosslinker and the supporting component of the C-FPVBC-x AEMs.  

 

Fig. 4.13 Strain–stress curves for C-FPVBC-x AEMs at room temperature. 

Thermogravimetric analysis (TGA) is used to investigate the thermal stability of 

the synthesized PAP and FPVBC precursor and crosslinked C-FPVBC-x polymers 

(Fig. 4.14). Up to 400 °C, the precursor PAP polymer was thermally stable without 

noticeable breakdown. The piperidinium groups and alkyl side chains degraded 

while displaying a modest weight loss between 180 and 380 °C for the C-FPVBC-x 

AEMs. Compared to the FPVBC precursor, the thermal stability of piperidinium 

groups in the crosslinked structure was greatly improved.  
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Fig. 4.14 TGA curves of PAP and FPVBC precursor and crosslinked C-

FPVBC-x AEMs. 

4.3.6 Alkaline stability 

It is well known that Hofmann elimination and nucleophilic substitution reactions 

or the generation of ylide intermediates and chemical rearrangement account for the 

majority of degradation schemes of cations in anion exchange membranes under 

alkaline circumstances.60 Both the polyethylene backbones and piperidinium cations 

were studied as relatively stable in our previous work and other works.23, 61, 62 The 

chemical structure changes of crosslinked membranes after harsh alkaline conditions 

(1 M KOH) after 1200 h at 50 °C were explored by FT-IR spectra. Fig. 4.15a presents 

the FT-IR spectra of the C-FPVBC-1.7, before and after the alkaline stability test. It 

was found that the characteristic peak at 1259 cm-1 and 1080 cm-1 hardly changed 

during the initial 240 h, which is assignable to the stretching vibration of the C−N 

bond and C−N+ group in the piperidinium cationic. There was no deterioration when 

the alkaline test period was extended to 1200 hours. While the aliphatic C−H 

stretching vibration at 2854−2956 cm-1 became somewhat more prominent, 
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indicating that the major degradation of the piperidine cation was presumably 

through a ring-opening reaction.48 Minor degradations of PAP polymer main chain 

were confirmed by slightly increased intensities of peaks at around 1420 cm-1 and 

1600 cm-1 which is assigned to C=C stretching vibration of aromatic rings. The 

stretching and bending vibration of olefin were responsible for the peaks at 1635 cm-

1 and 1380 cm-1, respectively. The C–H deformation vibration of olefin triggered the 

emergence of new peaks at 1100 cm-1 and 999 cm-1. It may be assumed that Hofmann 

elimination of the cation group caused the breakdown of the produced membranes, 

which has been validated before.25  

Fig. 4.15 (a) The FT-IR spectra of the C-FPVBC-1.7 AEM before and after 

treatment with 1 M KOH at 50 °C for 240 h and 1200 h and (b) remaining 

conductivity during the stability test. 

The decline in hydroxide conductivity is attributable to the degradation of 

cationic groups, as shown in Fig. 4.15b. After the alkaline test, the hydroxide 

conductivity was slightly reduced, suggesting that these membranes exhibited decent 

long-term chemical stability. The conductivity remained 96% of its initial value after 

240 h alkaline stability test. And only 7% conductivity loss was observed for C-

FPVBC-1.7 after 1200 h of testing at 50 °C. The stable alkaline performance may 

be due to the geometric constraints of the piperidinium ring in preventing the 

relaxation of the ring strain and lowering the activation energy of the degradation 

reactions.26,63 In the meantime, the macromolecular crosslinking structure reduced 
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the access for OH− attack to either the polymer backbone or the functional groups. 

Due to the lack of aryl ether linkages and a low degree of swelling, alkaline stability 

is increased.5,64 The results confirmed that the as-produced C-FPVBC-x AEMs 

could provide outstanding chemical stability under alkaline environments. 

4.4 Conclusion 

In summary, a new class of macromolecular crosslinked C-FPVBC-x AEMs was 

prepared successfully. The crosslinked C-FPBVC-x AEMs afford a significant 

advantage in forming microphase separated morphologies, which was confirmed by 

the results of SAXS and AFM. The crosslinking and morphological effect of C-

FPVBC-x AEMs on the conductivity of OH− ions was investigated. Specifically, the 

C-FPVBC-1.7 membrane (IECm = 3.19 meq g-1) had a high hydroxide conductivity 

of 77.15 mS cm-1 at 80 °C, confirming the macromolecular crosslinked structure 

favorable to the construction of ion conduction channels. The more FPVBC content, 

the higher membrane performance was achieved. The C-FPVBC-1.7 with the 

highest WUm (75%) exhibited minimal water swelling (25%) at 80 °C. Furthermore, 

C-FPVBC-x AEMs demonstrated remarkable long-term alkaline stability, wherein 

only 7 % of degradation in conductivity was observed after immersing in 1 M KOH 

at 50 °C for 1200 h. These results demonstrated that the as-prepared crosslinked C-

FPVBC-x AEMs have the potential for practical application in water electrolysis.  
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ABSTRACT 

Hydrogen (H2) is one of the most promising energy carriers and is considered the 

cleanest fuel in the world. The production of H2 by alkaline anion exchange 

membrane water electrolysis (AEMWE) has attracted significant attention due to the 

highly-efficient water electrolysis process, non-platinum group metal (non-PGM) 

catalyst utilization, and high purity hydrogen product. In this chapter, we selected 

some as-prepared AEMs prepared in previous chapters to evaluate their potential for 

AEMWE. The C-IL-100 AEM with the highest ionic conductivity (95 mS cm-1) 

demonstrates a high current density of 880 mA cm-2 at 2.2 V in 1 M KOH electrolyte 

at 80 °C, which is higher than that of C-FPVBC-1.7-based AEMWE (565 mA cm-2) 

and m-TPNPiQA-based AEMWE (452 mA cm-2) under the same conditions. The C-

FPVBC-1.7-based AEMWE showed robust long-term stability due to its good 

alkaline tolerance when operating at a current density of 100 mA cm-2 at 50 °C for 

100 h, during which the voltage of the AEMWE hardly changed. Both crosslinked 

C-IL-100-based and C-FPVBC-1.7-based AEMWE demonstrated better water 

electrolysis performance than the non-crosslinked m-TPNPiQA-based AEMWE. 

The AEMs with suitable structures designed by crosslinking could promote the 

development of AEMWE commercialization.  
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5.1 Hydrogen production by water electrolysis 

Developing sustainable energy strategies and solving future energy problems have 

become crucial challenges for society. The important thing is to use sustainable fuels 

or energy sources rather than traditional energy sources such as oil, natural gas, and 

coal. Hydrogen is currently regarded as a crucial energy carrier. The development of 

hydrogen technology in many countries has important strategic significance. As a 

renewable energy carrier, hydrogen has received increasing attention for four main 

reasons: Firstly, hydrogen is crucial to strategies for eliminating CO2 emissions and 

is of great importance for energy storage and transportation.1 It is clean and the 

product of its combustion or electrochemical reaction is only water. There is no 

pollutant or CO2 emissions during the use of hydrogen. Secondly, the energy-mass 

density of hydrogen is high, which is 3 to 4 times that of common fossil fuels. The 

energy is concentrated, and the energy conversion rate is high. Thirdly, hydrogen is 

extensively employed in electric power, infrastructure, transportation, and 

fundamental industrial processes, such as the creation of ammonia-based fertilizer, 

the refinement of metal ore, and chemical manufacturing.2 Hydrogen is also used as 

a feedstock or a raw material for the steel metallurgy, and chemical industries, and 

as a fuel for fuel cells. Finally, hydrogen is abundant and can be produced from water 

resources.    

Methane-water vapor reforming, petroleum and coal gasification, and water 

electrolysis are three main technologies for producing hydrogen. The first two 

methods account for about 95% of the hydrogen production but still rely on fossil 

fuels and emit large amounts of carbon dioxide in the process. The development of 

hydrogen production must correspond to the initial intention. From the 

environmental point of view, water electrolysis is regarded as the most advanced 

technology for the sustainable production of hydrogen from water, utilizing 

renewable energy sources such as solar and wind power.3 The benefits of water 

electrolysis include its high efficiency, high product purity, consistent output, the 
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viability of large-scale production, and the possibility of utilizing solar and wind-

generated electricity. This technique enables energy storage and grid balancing for 

power-to-gas operations.3,4 It can achieve "zero carbon emissions" accessing to a 

truly clean "green hydrogen”. Besides, hydrogen production by water electrolysis is 

ecological and can gain economic benefits. It can convert intermittent, unstable 

renewable energy (wind and solar energy) into stable chemical energy.5,6  

5.2 The types of water electrolysis 

 

Fig. 5.1 Schematic of (a) AWE, (b) PEMWE, and (c) AEMWE. Adapted with 

permission from ref 7. Copyright 2020 Springer Nature. 

Currently, there are mainly three kinds of electrolysis methods used for hydrogen 

production from water (according to the type of electrolyte and the type of 

transported ions, as shown in Fig. 5.1), namely alkaline electrolysis (AWE), proton 

exchange membrane electrolysis (PEMWE), and anion exchange membrane 

electrolysis (AEMWE).  

AWEs are commercially available for the hydrogen processing industry. AWEs 

have a lower cost than the other electrolyzers since they use cheap metal electrodes 

(based on Fe or Ni-based catalyst). However, the AWEs use highly concentrated 

potassium hydroxide (20~30% wt%) solutions as the liquid electrolyte (high 

electrolyte corrosiveness), which has a high risk of electrolyte leakage.8,9 Besides, 

porous diaphragm materials often have the problem of high gas crossover.10,11 Low 

partial load range, low maximum achievable current density (typically between 0.2 
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A cm-2 and 0.4 A cm-2), and difficulties working at high pressure are further 

disadvantages of AWEs.12,13  

 
Compared to AWE, PEMWE is more efficient. The solid proton exchange 

membrane (PEM) material considerably reduces gas crossover between the anode 

and cathode. Therefore, highly pure hydrogen can be generated.14,15 

Perfluorosulfonic acids (PFSA) membranes (e.g. Nafion) are the most commonly 

used PEM materials. Russell et al. and Gene Ray Electric company16 reported in 

1973 the first PEMWE that was based on a solid polymer electrolyte technology. 

Recently, a PEMWE performance of 3000 mA cm-2 at 1.8 V was reported.7 

Unfortunately, the high cost of the electrolyzers blocks the commercialization of 

PEMWE. The acidic environment in PEMWE prohibits the use of catalysts other 

than expensive PGM catalysts, like platinum and iridium. Moreover, the Nafion-

based membrane is also costly, further raising the cost of electrolysis devices, and 

impeding applications for large-scale hydrogen generation.3  

Table 5.1 Comparison of the main characteristic of AWE, PEMWE, and AEMWE.17 

 AWE PEMWE AEMWE 
Electrolyte Aqueous KOH (20-

40 wt%) 
Proton exchange 
membrane (e.g. Nafion) 

Anion exchange 
membrane (e.g. As-4) 

Cathode  Ni, Ni-Mo alloys Pt, Pt-Pd Ni and Ni alloys 
Anode Ni, Ni-Co alloys RuO2, IrO2 Ni, Fe, Co oxides 
Half-cell 
separation 

Diaphragm (Zirfon 
Perl 500 μm) 

Nafion 117 (e.g. 180 μm) AEM (20-100 μm) 

Current density (A 
cm-2) 

0.2-0.4 0.6-2.0 0.3-1.0 

Cell voltage (V) 1.8-2.4 1.8-2.2 1.8-2.2 
Cell area (m2) <4 <3 Lab testing cells 
Operating 
temperature (°C) 

60-80 50-80 50-60 

Operating pressure 
(bar) 

1-30 30-76 1-30 

Production rate 
(Nm3 h-1) 

<760 <40 <1 

Gas purity (%) >99.5 >99.9999 >99.99 
System response Seconds Milliseconds n.a. 
Stack lifetime (h) 60-100k 20-60k n.a. 
Technology status Mature Commercial R&D 
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AEMWE provides a possible way to reduce the cost of hydrogen production as it 

can use inexpensive non-noble metal catalysts (e.g. Ni, Cu) and simple electrolytes 

(low concentration alkaline solution or distilled water), cheaper membranes, and 

construction materials. AEMWE uses AEMs as the separator between electrodes to 

conduct hydroxide ions and avoid gas crossover, which improves the current 

efficiency and safety of AEMWE. The alkaline working environment of the 

AEMWE allowed the use of non-precious metal-based electrochemical catalysts 

with high catalytic activity and stability. It is expected that AEMWE provides 

superior performance with reduced cost compared to PEMWE and can sustain 

similar current densities.12,18,19 The difference between AWE, PEMWE, and 

AEMWE are summarized in Table 5.1. The advancements in industrial 

electrochemical engineering and electrolyzers have led to the conclusion that 

alkaline water electrolysis is still the most effective method for hydrogen 

production.17 

5.3 Theory for water electrolysis 

The overall reaction of decomposing water into hydrogen and oxygen through 

electrochemical processes is as follows: 

H2O + energy → H2 + 1/2 O2 

 If the electrolytic cell operates at a certain temperature and pressure, the enthalpy 

(ΔH) determines the energy necessary for water electrolysis. The Gibbs free energy 

(ΔG) is equivalent to the necessary heat (Q) and the externally provided electrical 

energy, where the heat Q is equal to the product of the temperature T during the 

reaction and the entropy change (ΔS) before and after the reaction. The 

thermodynamic equation can be expressed as a formula: 

∆𝐺 = ∆𝐻 − 𝑄 = ∆𝐻 − 𝑇 ∗ ∆𝑆 

Where: at 298.15 K, 1 atm, ΔH is 285.84 kJ mol-1, ΔS is 163.1 J mol-1 K-1, ΔG is 

237.2 1 kJ mol-1.  
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The minimum voltage required is the potential equilibrium Vrev. The relationship 

between ΔG and the potential equilibrium Vrev is as follows:  

𝑉!"# =
∆𝐺
𝑧 ∗ 𝐹 = 237.21 ×

103	(𝐽	𝑚𝑜𝑙$%)
2 × 96487 = 1.229	𝑉 

where z is the number of electrons required to generate one mole of hydrogen (z = 

2); F is the Faraday constant, 96485 C mol-1.  

At 298.15 K, 1 atm, for an electrolytic cell with a phase transition process, the 

minimum voltage required for the electrolysis reaction is given as the thermoneutral 

voltage Vtn. It is not only sufficient to drive cell reactions, but also provides the heat 

needed to maintain a constant temperature, as shown below: 

𝑉&' = 𝑉∆) =
∆𝐻

(𝑧 ∗ 𝐹) =
285.84	(𝐾𝐽	𝑚𝑜𝑙$%)

2 × 96487 = 1.481	𝑉 

At this voltage, there is no heat dissipation or absorption; the system is in thermal 

equilibrium. The utilized electrical energy is totally transformed into the hydrogen's 

reversible heat content. The thermoneutral voltage is essential for the design of an 

electrolysis system, like any energy source above this voltage results in the 

production of heat that must be removed. 

In reality, the actual used voltage for water electrolysis will be higher than the 

theoretical value due to losses in the electrolytic cell. The loop resistance Ru of the 

entire external circuit is considered. The anode resistance, Ra, comprising the wiring 

and connections at the anode, is derived from the overpotential for the oxygen 

evolution reaction on the anode's surface. Further resistances include the cathode 

resistance, Rc,  the ionic resistance Ri in the solution, the diaphragm resistance Rm 

and the resistance Rb caused by the bubbles partially covering the electrode surface, 

preventing the anode from making contact with the electrolyte.20 The external 

voltage applied to the entire electrolytic cell can be expressed as: 

E*"++ = 1.23 + 𝑖(R, + R* + 𝑅- + 𝑅. + 𝑅/ + 𝑅0) 

where i is the current in the whole electrolysis circuit.  
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Overall, the electrical resistances consist of three categories: electrical (Ru), 

transport (Ri, Rm, and Rb), and reaction (Rct, including anode and cathode 

resistances). The electrical and transport resistance cause ohmic loss.21 Both 

electrical and transport resistances result in heat production and inefficiency of the 

electrolysis system.20,22 The reaction resistance is the overpotential on the electrode 

surface (anode and cathode reaction), which can be reduced by loading highly active 

catalysts on the electrode surface. 

The smaller the voltage of the electrolytic cell in the situation of constant current, 

the less electric energy is dissipated. Therefore, designing and preparing AEMs for 

water electrolysis is an important and effective way to improve electrolysis 

efficiency and reduce energy consumption. The effectiveness of the AEMWE would 

improve with a rise in operating temperature that is greater than 80 °C. However, 

increasing corrosion at higher temperatures, resulting in the degradation of 

AEMWEs and AEMs material, must be considered. The current AEMWE working 

temperature ranges between 50 °C and 80 °C. 

Electrochemical impedance spectroscopy (EIS) is widely used to investigate the 

impedance (ohmic polarization impedance, interface problems, and diffusion-related 

phenomena) of the membrane or water electrolysis cells. AC impedance requires in-

depth analysis with an equivalent circuit and provides an excellent tool for 

diagnosing multiple complex electrochemical reaction processes and mechanisms.23 

The results of EIS data are typically presented in two ways: Nyquist plot and Bode 

plot. The Nyquist plot (a parametric representation of the frequency response) is 

typically illustrated as a half-circle, as shown in Fig. 5.2a, which is commonly used 

to analyze the stability of the AEMWE system. The impedances are depicted in the 

semicircle's real (x-axis) and imaginary (y-axis) parts. The shape of the curve or arc 

can depict an electric reaction or other dominant phenomena.24 Differences in 

frequency intercepts, or semicircle diameters, determine polarization resistance. At 

low frequency, it shows a straight line, whereas at high frequency, it displays a 
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semicircle loop. The impedance at a high frequency intersecting the x-axis is known 

as ohmic resistance. The sum of the resistances at lower frequencies and the 

differential resistance nature of polarization curves make up the total resistance of 

the AEMWE cell.25  

 

Fig. 5.2 (a) Typical Nyquist plot observed for an electrolyzer. (b) The equivalent 

electrical circuit is used for EIS spectra evaluation. L inductance (Henry, H); Rm – 

resistance of the cell (Ohm, Ω); Ra and Rc – charge transfer resistance (Ohm, Ω); 

CPEa and CPEc – constant phase element describing the electrical double layer 

capacitance. Adapted with permission from ref 3. Copyright 2021 Springer Nature. 

An equivalent circuit model was constructed to better understand EIS reactions in 

phenomenological measurements. The equivalent circuit has an inductor, resistors, 

and constant-phase components (CPE).26 As shown in Fig. 5.2b, L represents 

inductance (Henry, H), which corresponds mainly to the electric cell connectors and 

cables. Rm denotes the ohmic resistance of the cell (Ohm, Ω), which consists 

primarily of the resistance of the electric connections, current feeders, electrodes, 

electrolyte membrane, catalyst layer and electrolytes. Rct (Ra+Rc) represents the 

charge transfer resistance (Ohm, Ω) associated with the kinetics of the anode and 

cathode processes. The bubbles generated during the electrode reaction greatly 

impact the mass transfer. As the voltage increases, the Faradaic current gradually 

increases, accelerating the electrode reaction kinetics, and Rct gradually decreases. 

The CPE represents the space-charge polarization regions, i.e., the changed 

capacitance of the electric double layer generated at the interfaces of the electrically 
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and ionically conducting phases.27 The constant phase element represents a 

capacitance element with a spatially dispersed capacitance value in a model. In many 

instances, the cathode reaction kinetics are considerably faster than those of the 

anode. Consequently, the EIS spectrum lacks a second time constant. In this instance, 

experimental data are evaluated using a simple equivalent electrical circuit 

consisting of the L, Rm, Rct, and CPE. 

 
Fig. 5.3 Polarization curve depicting the various losses attributed to AEM 

electrolysis cell operation. Adapted with permission from ref.31 Copyright 2013 

IEEE. 

In AEMWE, the polarization curve (I-V), as shown in Fig. 5.3, is typically used 

to depict the relationship between the output voltage and applied current density. 

However, no particular details regarding the influence of the inner components and 

kinetics of the electrolysis process are disclosed.28,29 In other words, the curve can 

be used to analyze the response of the cell voltage to a change in current in order to 

gain insight into the performance of the system. Other than this, the polarization 

curve can be used to examine the contribution of various polarization losses, such as 

activation loss, ohmic loss, and mass transport loss.9, 30 In the region of low current 

density, the activation loss is mostly determined by the activation energy necessary 

to activate the electrochemical reaction. The ohmic loss is a result of the ohmic 

resistance of the cell constituents. The mass transport loss is caused by the 

consumption of reactive species close to the electrode surface, with a predominance 
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in regions of high current density where reactants are depleted. Overall, the form of 

the polarization curve discloses the dominating overpotential that limits the 

performance of the cell.  

5.4 AEMWE system  

 
Fig. 5.4 Lab setup of AEMWE single-cell testing station. Adapted with 

permission from ref. 32. Copyright 2021 Elsevier. 

The schematic diagram of the experimental device and system is shown in Fig. 

5.4.32 The experimental device for AEMWE cell evaluation includes a DC power 

supply, peristaltic pump, and AEMWE cell. The constant temperature water bath is 

supplied to adjust the experimental temperature of the electrolyte. A K-type 

thermocouple and a PID controller maintained and regulated the operating 

temperature.  

5.4.1 Fabrication of AEMWE cell 

An AEMWE cell consists of a cathode/anode corrosion-resistant Nickel flow field 

with serpentine channels (Dioxide materials, USA), two silicon gaskets, and a 

membrane electrode assembling (MEA), as shown in Fig. 5.5.  
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Fig. 5.5 The digital photos of an AEMWE cell. 

Anode/Cathode plates conduct electrons, collect the anode and cathode products, 

and support the membrane electrode in the water electrolysis device. Since the cell 

operates under alkaline conditions, good corrosion resistance is required. To prevent 

gas and liquid leaks, silicone gaskets are used to seal. The MEA is a crucial 

component of the AEMWE cell, which determines the hydrogen production 

efficiency. Generally, an MEA includes electrodes and membrane (AEM). The 

electrode was made of diffusion and catalyst layers, which requires good 

conductivity, corrosion resistance, and high-temperature resistance. The stainless-

steel fiber and cloth nickel fiber paper have multiple functions to ensure electrolyte 

transport, product removal, and charge transfer. Therefore, the gas diffusion layer 

must have suitable porosity, pore size, electrical conductivity, and stability in an 

alkaline medium. Water electrolysis involves a hydrogen evolution reaction (HER) 

at the cathode and an oxygen evolution reaction (OER) at the anode. Both of these 

exist simultaneously and require an efficient catalyst to overcome the reaction barrier 

to proceed smoothly. Efficient OER and HER catalysts with low activation 

overpotential and innovative catalytic designs or metal alloys are preferred.33 Since 

the electrode reaction rate at low temperature is negligible, the catalytic activity of 

the electrode is especially important.  
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The water-splitting reaction occurs on the surface of the electrode, strictly 

speaking, on the three-phase interface composed of electrode, electrolyte, and gas. 

The electrode reaction efficiency needs to be improved to make the AEMWE in use 

with a sufficiently high current density. From the perspective of the water 

electrolysis device, the primary function of the electrolyte is to provide the ions 

required for the electrode reaction. The type of electrolyte (alkaline electrolyte, 

multi-impurity solution, and tap water) and electrolyte temperature affect the 

membrane performance. The operating time will also cause a change in the catalyst 

activity, thereby affecting the performance of MEA.  

5.4.2 Experimental section 

The AEMs (m-TPNPiQA, C-FPVBC-1.7, and C-IL-100) were firstly soaked in a 

1 M KOH solution overnight to convert the negative ions from chloride ions to the 

hydroxide ions and rinsed with DI water to remove the residual KOH. Then the AEM 

is sandwiched between the cathode and anode electrodes (Anode: NiFe2O4 

nanoparticles in the stainless-steel fiber cloth; Cathode: NiFeCo alloy nanoparticles 

in nickel fiber paper) hot-pressed at 10 MPa at 50 °C for 10 min to fabricate an MEA. 

The loading content of the catalyst is 2 mg cm-2 for each electrode. The MEA active 

area is 1.0 × 1.0 cm2. The nickel bipolar plate, silicone gaskets, and MEA were 

assembled into a single AEMWE cell. A glass tank with circulating electrolyte (1 M 

KOH) was pumped by a double-headed peristaltic pump (Masterflex L/S® Digital 

Miniflex® Pump) with a feeding rate of 5 mL min-1. A potentiostat PGSTAT128N 

electrochemical workstation (Metrohm Autolab B.V., The Netherlands) provided 

electricity for the electrolysis tests. The electrolyzer was operated under atmospheric 

pressure.  

The AEMWE cell was activated for 30 min at a current density of 10-50 mA cm-

2 before collecting data. Polarization curves were obtained by recording current 
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while scanning the potential from 1.5 V to 2.5 V with a scan rate of 5 mV s-1 at 80 °C. 

Electrochemical impedance spectra were collected using an Autolab potentiostat 

PGSTAT204 device (Metrohm Autolab B. V., The Netherlands). The AEM 

electrolyzer was directly connected to the PGSTAT204 device in two-electrode 

mode. One of the electrodes functions as the working electrode, while the other 

functions as both the reference and counter electrode. The instrument's working 

electrode was linked to the anode current collector. The lead wires of the reference 

and counter electrodes were connected to the cathode current collector. The voltage 

response (sense vs reference) was measured from the electrolyzer terminals/current 

collectors when the current was driven through the instrument's working and counter 

electrodes. EIS investigations were carried out at 1.5 V, 1.8 V, and 2.1 V under 

various conditions with the frequency varying from 104 Hz to 0.1 Hz using an AC 

amplitude of 10 mV. The alkaline durability testing in 1 M KOH was operated at a 

constant current of 100 mA cm-2 at 50 °C in chronopotentiometry mode with the 

flow rate at 5 mL min-1 for 10 to 100 h.   

5.5 Results and discussions 

5.5.1 Effect of temperature on AEMWE performance 

Operating AEMWE at a high current density benefits the hydrogen production 

rate, which is advantageous for operating costs.34 However, electrolysis with a high 

current density reduces voltage efficiency and causes the degradation of components. 

This deterioration and loss in voltage efficiency quickly increase the cost of 

hydrogen production from water electrolysis.35 As the critical component of 

AEMWE, AEMs that are efficient and cost-effective have been widely developed, 

and the performance of the membrane directly affects the final performance. Thus, 

an AEM with high ionic conductivity and strong alkaline stability is urgently 

required. The three as-prepared AEMs (non-crosslinked m-TPNPiQA, crosslinked 
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C-FPVBC-1.7, and C-IL-100) demonstrate excellent overall performance, which 

was already discussed in the previous Chapters. Here, these AEMs are investigated 

for their AEMWE performance.  

 

Fig. 5.6 (a) Polarization curves of AEMWE based on m-TPNPiQA, C-IL-100, 

and C-FPVBC-1.7 AEMs. 

Fig. 5.6 shows the polarization curves of the AEMWE based on m-TPNPiQA, C-

FPVBC-1.7, and C-IL-100 at RT, 50 °C, and 80 °C with 1 M KOH. According to 

the Arrhenius formula, high temperature accelerates the kinetics of the electrode 

reaction and reduces the charge transfer resistance in the electric double layer.36 The 

current density of all the AEMWE increases with increasing temperature under the 

same testing voltage. A tremendous performance improvement was observed for C-

IL-100-based AEMWE compared to m-TPNPiQA-based AEMWE since AEMs 

with higher ionic conductivity provide lower ohmic loss during polarization. The 

current density of the m-TPNPiQA-based AEMWE at 2.2 V could reach up to 425 

mA cm-2 at 80 °C and 290 mA cm-2 at 50 °C, respectively. The current density of 

the C-IL-100-based AEMWE (at 2.2 V) reached up to 880 mA cm-2 and 80 °C, 620 

mA cm-2 at 50 °C, and 510 mA cm-2 at RT, respectively. The C-FPVBC-1.7-based 

AEMWE (at 2.4 V) current density reached 890 mA cm-2 at 80 °C, 675 mA cm-2 at 

50 °C, and 507 mA cm-2 at RT, respectively. These results revealed that the C-

FPVBC-1.7-based AEMWE is comparable to C-IL-100-based AEMWE at higher 

voltages, and they both show higher performance than that of the m-TPNPiQA-

based AEMWE. A good three-phase reaction interface is formed inside the catalytic 
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layer and flexible C-IL-100 AEM, which facilitates the exposure of more catalyst 

active sites and improves the utilization efficiency of the catalyst, which may also 

contribute to the high performance of the C-IL-100-based AEMWE. The crosslinked 

C-IL-100 AEM have higher molecular weight and better mechanical properties than 

m-TPNPiQA. The molecular weight difference between m-TPNPiQA and the 

crosslinked C-IL-100 membrane is also responsible for the electrolysis performance 

difference since AEMs with low molecular weight detrimentally affect the interface 

between the membrane and electrode during MEA fabrication.37  

Electrochemical polarization predominates in the non-linear zone (low current 

region), whereas ohmic polarization predominates in the linear region (high current 

region).38 At higher temperatures, the slope of the polarization curves for all the 

electrolyzers in the high current region gradually increases, indicating that the ohmic 

resistance decreases due to the increased ionic conductivity. This can also be 

explained by the higher diffusion coefficient of OH− in these AEMs at a higher 

temperature. With the increase of voltage, the Faradaic current gradually increased. 

Acceleration of the kinetics of the electrode reaction reduces the electrochemical 

polarization. Besides, the performance of the C-IL-100-based AEMWE increased 

with voltage, where the current density at 2.0 V was 0.55 mA cm-2, while it reached 

up to 880 mA cm-2 at 2.2 V at 80 °C, thus increasing the hydrogen production rate. 

The same phenomenon was found for the C-FPVBC-1.7 and m-TPNPiQA-based 

AEMWE. The AEMWE performance of our membranes (C-IL-100 and C-FPVBC-

1.7) is comparable to the literature.28,39,40 Table 5.2 demonstrates the comparative 

performance of alkaline water electrolysis based on various AEMs with non-PGM 

catalysts.41-44 The current density of C-IL-100-based AEMWE is slightly higher than 

those of many reported results at the voltage of ~2 V, indicating the C-IL-100 AEM 

has promising potential for application in AEMWE. There is still room for 

improvement in the water electrolysis performance of C-FPVBC and m-TPNPiQA 

AEMs.  
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5.5.2 EIS plots of the AEMWE cells 

 
Fig. 5.7 EIS plots of (a) C-IL-100, (b) C-FPVBC-1.7-based AEMWE at various 

cell voltages at 50 °C, and (c) and (d) at the different temperatures at 1.8 V. 

Table 5.2 AEMWE performance comparison using 1 M KOH electrolyte and Ni-based catalysts. 
Membrane type Anode Cathode Temperature Current density 

(mA cm-2) /Voltage  
Reference   

C-IL-100 NiFe2O4/Stainless-Steel NiFeCO /Nickel Fiber Paper 50 oC 400/2.0V Chapter 2   

C-FPBVC-1.7 NiFe2O4/Stainless-Steel NiFeCO /Nickel Fiber Paper 50 oC 195/2.0V Chapter 3   

m-TPNPiQA  NiFe2O4/Stainless-Steel NiFeCO /Nickel Fiber Paper  50 oC 180/2.0V Chapter 4   

PBI/mTPN-
50.120 

Ni-Fe/Ni Foam MoNi/Ni Foam 50 oC 250/1.98V 23   

PVBC-MPy/35% 
PEK-cardo  

NiFe-LDH/Nickel Felt 
Paper 

MoNi/Nickel Felt Paper 60 oC 500/2.0V 44   

FAS-50 NiFe2O4/316L Sintered 
Stainless Steel 

NiFeCO /Sigracet 39BC 
Carbon Paper 

60 oC 240/1.8V 41    

Sustainion 37-50 NiFe NiFeCo 60 oC 1000/1.9V 45    

FAA-3-50 NiMn2O4/Carbin nano 
fiber 

Pt/C 50 oC 270/2.0V 46   

Tokuyama A201 NiFe2O4 NiFeCO 60 oC 540/2.0V 47   
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As illustrated in Fig. 5.7a&b, the Nyquist plots were collected to further explain 

the influence of voltage on the water electrolysis performance of C-IL-100, and C-

FPVBC-1.7 AEMs. The ohmic impedance of the electrode and solution under a 

certain polarization potential can be estimated from the intersection of the spectral 

line at the high-frequency region and the x-axis. For C-IL-100-based AEMWE, the 

Rm is 0.51 Ω cm2 at 2.1 V, 0.49 Ω cm2 at 1.8V, and 0.47 Ω cm2 at 1.5V. For C-

FPVBC-1.7 AEMWE, the Rm is 0.91 Ω cm2 at 2.1 V, 0. 90 Ω cm2 at 1.8V, and 0.92 

Ω cm2 at 1.5V. It indicates that the voltage increase has less effect on the system 

resistance. As the voltage increases, the electrode reaction accelerates the bubble 

generation rate and the disturbance, and the gas flow state change drastically. When 

the voltage was increased to 2.1 V, the mass transfer becomes more visible. The C-

IL-100-based AEMWE and C-FPVBC-1.7-based AEMWE have a nice arc at 2.1V. 

The lower the charge transfer impedance, the narrower the arc diameter. The 

semicircle of C-IL-100-based AEMWE is the smallest, indicating that the charge 

transfer impedance of C-IL-100-based AEMWE is lower than C-FPVBC-1.7-based 

AEMWE.  

The effect of temperature on the C-IL-100 and C-FPVBC-1.7 AEMs-based 

AEMWE is depicted in Fig. 5.7c &d. Under the same electrolyte concentration (1 M 

KOH), both the Rm and Rct of AEMWE cells show a decreasing trend with increasing 

temperature, which is in line with the changing trend of the polarization curve in Fig. 

5.6. C-IL-100-based AEMWE cells demonstrated better electrolysis performance at 

elevated temperatures because the hydroxide conductivity of the C-IL-100 AEM 

increased with increasing temperature. When increasing temperature from RT to 

50 °C, the Rm decreased from 1.20 Ω cm2 to 0.49 Ω cm2, while the Rct decreased 

from 3.82 Ω cm2 to 1.30 Ω cm2. The same phenomenon was found for the C-FPVBC-

1.7-based AEMWE cell; a drop in ohmic potential and increased catalytic kinetics 

account for the enhanced performance at higher temperatures. The temperature 

changed from RT to 80 °C, and the corresponding Rm decreased from 0.92 Ω cm2 to 
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0. 84 Ω cm2 and the Rct decreased from 10.89 Ω cm2 to 3.08 Ω cm2. The ohmic 

resistance of the C-IL-100 AEM varies with temperature not just as the resistance 

decreases as the temperature rises, but also as a result of two MEA. Obviously, the 

MEA assembly method has a substantial effect on the AEMWE performance. In 

Chapter 6, the optimization of MEA will be discussed. To remove the effect of 

MEA fabrication on AEMWE, the C-FPVBC-1.7 AEM was based on the same MEA. 

5.5.3 Durability of the AEMWE cell 

The stability of the AEMWE under operation conditions is crucial for the 

commercialization of the AEMWE since the AEMs in the cell could degrade and 

lose performance under alkaline conditions. To investigate the durability of 

AEMWE, the internal resistance of the cell is tested at 50 °C using 1 M KOH 

aqueous solution as the electrolyte. The C-IL-100-based and C-FPVBC-1.7-based 

AEMWEs were performed at a current density of 100 mA cm-2. In contrast, the m-

TPNPiQA AEMWE was operated at a lower current density of 10 mA cm-2 because 

of its relatively poor performance. As depicted in Fig. 5.8, the increased voltage was 

a degradation signal. A noticeable increase in cell voltage over time was observed 

for m-TPNPiQA-based AEMWE, while only a slight increase was observed for C-

FPVBC-1.7-based AEMWE and C-IL-100-based AEMWE, despite their higher 

current density. C-IL-100-based AEMWE remained almost constant at around 1.81 

V during the stability test (about 9.5 h). However, C-IL-100-based AEMWE has 

only been tested for approximately 10 hours, and the cell durability at higher 

voltages and longer time must be discussed further in the future. The digital photo 

of C-IL-100 AEM after durability measurement is shown in Fig. 5.9, where the color 

of the AEMs slightly changed. For the C-FPVBC-1.7-based AEMWE, in the initial 

38 h, the cell voltage was increased from 1.95 to 2.00 V. The catalyst was released 

by the flowing electrolyte, which could result in a decrease in the catalyst utilization 

and an increase in the cell impedance. The disruption was caused by the release of 
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gas bubbles produced by the electrode response, which resulted in a fast drop in 

voltage with occasional small oscillations.48 After 60 h, the cell voltage of C-

FPVBC-1.7-based AEMWE maintained stable at 1.96 V, manifesting the excellent 

stability. For some AEMWE based on commercial AEMs, Sustainion-based 

AEMWE could operate for 2000 h,41 while A201 and FAA-3-50-based AEMWE 

could operate for 1000 h.49,46 Thus, there is still room for AEMWE to increase its 

performance.  

 
Fig. 5.8 Durability test at 50 °C of (a) m-TPNPiQA-based AEMWE (10 mA cm-2, 

10 h), (b) C-IL-100-based AEMWE (100 mA cm-2, 10 h), and (c) C-FPVBC-1.7-

based AEMWE (100 mA cm-2, 100 h). 

 

Fig. 5.9 The digital photo of C-IL-100 AEMs after long-term durability 

measurement. 
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5.6 Conclusion 

In summary, the as-prepared non-crosslinked m-TPNPiQA, crosslinked C-IL-100, 

and C-FPVBC-1.7 AEMs were assembled into AEMWE cells to examine their 

performance in water electrolysis. Results show that the impedance of the AEMs 

plays a dominant role at high current densities. The AEMWE that uses the C-IL-100 

AEM exhibited a current density of 880 mA cm-2 at 2.2 V and 80 °C, which is higher 

than those of AEMWE based on C-FPVBC-100 (565 mA cm-2) and m-TPNPiQA 

(452 mA cm-2) at similar conditions. Besides, C-IL-100-based AEMWE showed 

better electrolysis performance than these of C-FPVBC-1.7 and m-TPNPiQA AEMs 

due to its higher hydrogen conductivity (94.6 mS cm-1, at 80 °C). However, the long-

term durability test of AEMWE based on C-IL-100 AEM lasted only 10 h. Further 

discussion on its durability at higher voltages and longer period of time is required 

in the future. The C-FPVBC-1.7-based AEMWE showed good long-term durability 

and maintained stability at the current density of 100 mA cm-2 at 50 °C for 100 h. In 

contrast, an increasing voltage was observed for the m-TPNPiQA-based AEMWE 

at a lower current density (10 mA cm-2) already after 10 h. Overall, the C-IL-100 

AEM and C-FPVBC AEMs with high ionic conductivity achieved good AEMWE 

performance, which may hold potential for practical applications in water 

electrolysis. 
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6.1 Summary  

With the increasing depletion of fossil fuels, the energy conversion and storage 

devices based on anion exchange membranes (AEMs), such as water electrolysis for 

hydrogen production, have attracted more attention. As a crucial component of anion 

exchange membrane-based water electrolysis (AEMWE), AEMs cannot meet all the 

requirements for practical applications due to their low conductivity and alkaline 

stability. Although a high conductivity can be achieved by constructing microphase 

separation morphology, AEMs still suffer from degradation by, for example, 

Hoffman elimination under alkaline conditions. Designing AEMs with preferential 

ion transport properties and robust alkaline stability is still a great challenge today. 

The molecular structure of cations and the backbone have been prospected to handle 

the main challenge of stability issues of AEMs. New ideas are provided to design 

and synthesize high-performance membranes to meet the clean energy conversion 

and energy storage process requirements. Therefore, from the perspective of 

molecular structure design, this thesis describes a series of cationic polymers with 

stable N-cyclic cationic groups and crosslinking structures, aiming to improve the 

comprehensive performance of AEMs for water electrolysis application. The main 

content of the thesis is listed as follows:  

In Chapter 2, three kinds of folded poly(terphenylene)-based AEMs with N-

cyclic cations were prepared via facile Friedel-Crafts type polycondensation and 

quaternization to investigate the relationship between the cationic structures and 

membrane performance. The steric hindrance of the N-cyclic cations was gradually 

increased from the small piperidinium to the sterically protected N-spirocyclic 

quaternary ammonium (QA). The folded poly(terphenylene)s backbone promoted 

the self-assembly of the polymer chain. The AEM with piperidinium groups (m-

TPNPiQA) formed a microphase separated morphology, resulting in the highest 

conductivity of 68.7 mS cm-1 (80 °C). The relative conductivity 

(conductivity/swelling ratio) of m-TPNPiQA is higher than that of the commercial 
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membrane (FAA-3-50, Fumatech). Increasing the size of the QA is helpful to 

constrain water absorption and related swelling but has a negative effect on the 

chemical stability. β-Hofmann elimination degradation was observed for all the 

AEMs after stability tests by 1H NMR analysis. The m-TPNPiQA demonstrates less 

than 6% ionic capacity loss after immersing the membrane in a 5 M NaOH solution 

at 80 °C for 240 h. The results demonstrated that the membrane performance is 

associated with the features of the cationic groups. A high-performance AEM could 

be achieved by grafting appropriate cations onto the ether-bond-free backbone.  

The m-TPNPiQA with an ether-bond free backbone showed good alkaline 

stability. However, the moderate conductivity and poor dimensional stability should 

be further improved. Covalent crosslinking is an alternative approach that could 

effectively improve the dimensional stability of AEMs while maintaining high ionic 

conductivity. Therefore, in Chapter 3, a multication crosslinker composed of two 

piperidinium groups and a flexible alkyl chain was introduced to fabricate novel 

crosslinked poly(arylene piperidinium)-based (C-IL-x) AEMs. It was found that 

multication crosslinkers could promote the formation of micro-phase separated 

morphologies and construct highly efficient ion-conducting pathways inside the 

membrane. Compared to the non-crosslinked AEM (m-TPNPiQA), the conductivity 

and dimensional stability of the crosslinked C-IL-x AEMs were improved 

simultaneously. The highest ionic conductivity of the crosslinked C-IL-100 AEM 

reaches up to 95 mS cm-1 at 80 °C. And the AEMs demonstrated robust alkaline 

stability as the conductivities of C-IL-100 decreased just 2% after treating with 1 M 

KOH at 50 °C for 1200 h, indicating the as-prepared C-IL-x AEMs hold promise for 

AEMWE applications.  

The development of high-performance C-IL-x AEMs was still hampered by the 

"trade-off" issue of ionic conductivity and swelling for water electrolysis. The design 

of AEMs with a macromolecular cross-linking structure is a potential strategy for 

addressing the issue mentioned above. Thus, in Chapter 4, partially functionalized 
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polystyrene (FPVBC) was used as a macromolecular crosslinker to react with 

poly(arylene piperidine) (PAP) and finally fabricate novel crosslinked (C-FPVBC-

x) AEMs. The crosslinking polymer membranes with ether-bond-free structure are 

beneficial to obtaining good overall membrane performance, including high 

conductivity and a limited swelling ratio. The C-FPVBC-1.7 membrane 

demonstrated a maximum ionic conductivity of 40.15 mS cm-1 and a diffusion 

coefficient of 1.61×10-9 cm2 s-1 at 30 °C. Besides, good alkaline stability was 

achieved for the C-FPVBC-1.7 AEM, where the conductivity only decreased by 7 % 

after alkaline treatment (1 M KOH, 50 °C for 1200 h). The results manifested that 

the macromolecular crosslinked C-FPVBC-x AEMs possess a great potential for 

practical applications in AEMWE.  

In earlier chapters, the properties of membranes, including non-crosslinked m-

TPNPiQA AEM, multication crosslinked C-IL-x AEMs, and macromolecular 

crosslinked C-FPVBC-x AEMs, have been comprehensively characterized and 

discussed. In Chapter 5, we chose some AEMs to investigate their performance in 

alkaline water electrolysis. The AEMWE based on C-IL-100 exhibited a high current 

density of 880 mA cm-2 at 2.2 V by using 1 M KOH aqueous solution as the 

electrolyte and Ni-based catalysts at 80 °C, which is higher than that of AEMWE 

based on C-FPVBC-1.7 (565 mA cm-2) and m-TPNPiQA (452 mA cm-2). The 

increase in temperature leads to higher mobility of OH− in the AEMs, resulting in a 

faster hydrogen production rate for the AEMWE. Besides, the low resistance of C-

IL-100-based AEMWE confirmed that multication crosslinked AEM demonstrated 

the most promising material compared with the other two AEMs. However, the 

swelling of C-IL-100 AEM has a negative effect on the long-term durability of 

AEMWE. The C-FPVBC-1.7 with the macromolecular-crosslinked structure is 

efficient in constraining the swelling of the AEMs and retains good mechanical 

stability. The voltage of C-FPVBC-1.7-based AEMWE remained stable at the 

current density of 100 mA cm-2 at 50 °C for 100 h. In contrast, a noticeable increase 
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in cell voltage was observed for the m-TPNPiQA-based AEMWE at a lower current 

density (10 mA cm-2) after 10 h. The study showed that the AEMs played a dominant 

role in the output performance of a water electrolyzer. The C-IL-100 AEM with the 

highest ionic conductivity and overall membrane performance achieved the best 

AEMWE performance. The overall performance of m-TPNPiQA, crosslinked C-IL-

x, and C-FPVBC-x AEMs are summarized in Table 6.1. 

 

6.2 Perspectives  

The widespread commercialization of AEMs still encounters some critical issues 

and challenges, such as the low conductivity and poor alkaline stability of the AEMs. 

Although significant progress has been made in developing AEM materials, the 

corresponding AEMWE processes are still far from the performance of PEMWE. 

The promising directions highlighted below are valuable to further investigations for 

performance improvement of AEMs to achieve widespread applications in 

AEMWEs for hydrogen production. 

6.2.1 Development of AEMs with high ionic conductivity 

AEMs with a conductivity of >100 mS cm-1 are suggested for practical 

application.1 However, the conductivities for m-TPNPiQA, C-IL-100, and C-

FPVBC-1.7 AEMs are 68.7 mS cm-1, 77.2 mS cm-1, and 94.6 mS cm-1 at 80 °C, 

respectively, which need to be further improved to meet the requirement for 

applications. The introduction of a microphase separated structure is suggested to 

enhance the conductivity further. There are mainly three approaches that could form 

Table 6.1 Summary of the performance of m-TPNPiQA, crosslinked C-IL-x, and C-FPVBC-x AEMs. 
Membranes Thickness 

(μm) 
Tensile 

strength 
(MPa) 

Elongation 
at break 

(%) 

IECm 
(meq g-1) 

WUm 

(%)* 
SRl 

(%)* 
Ionic conductivity 

(mS cm-1)* 
Retaining 

conductivity 
(%) 

AEMWE 
performance 

(at 2.2V)* 

                

m-TPNPiQA 50 21.0 8.9 2.5 65.2 25.7 68.7 97.4a 425 mA cm-2                 
C-FPVBC-1.7 60±5 25.4 16.7 3.2 74.7 25.4 77.2 96.5b /93.1c 565 mA cm-2                 

C-IL-100 50±5 22.9 25.2 3.0 97.0 35.0 94.6 97.8d 880 mA cm-2                 
* Tested at 80 °C, Alkaline stability test condition: a 1 M NaOH at 80 °C for 240 h, b 1 M KOH at 50 °C for 240 h, c 1 M KOH at  
50 °C for 1200 h, d 1 M KOH at 50 °C for 1200 h 
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a microphase-separated structure in the membranes: increasing the local 

concentration of ionic groups and designing AEMs with side-chain and block 

structures.2 However, these approaches often lead to swelling problems and poor 

mechanical properties. Chapters 4 & 5 have confirmed that crosslinking strategies 

can effectively increase the mechanical properties of membranes. Thus, a 

combination of microphase separation and crosslinking structures is suggested to 

balance the ionic conductivity and mechanical stability and achieve high-

performance AEMs. Besides, the mechanism of OH− conduction in the AEMs is 

needed to be investigated for various membranes to explain the process of ion 

conduction, which may help design AEMs with highly efficient pathways and 

improved conductivity.  

6.2.2 Development of AEMs with good alkaline stability 

The concern on membrane chemical stability is still rising nowadays, especially 

for the AEMs that operate at high pH, temperature, and voltage for a long time in a 

water electrolyzer.3 The design of the as-prepared AEMs based on ether-bond-free 

backbones and N-cyclic cations could improve the chemical stability of the AEMs 

under alkaline conditions. It has not been seen that the backbone degrades when 

using an ether-bond-free backbone under alkaline circumstances. Nonetheless, the 

degradation of cationic groups is evident via NMR spectroscopy. Thus, there is still 

room for improving the chemical stability of cations. Metallopolymers could carry 

charged groups and form Metallo-polyelectrolytes, which may be good candidates 

for preparing AEMs since their cationic groups (e.g. Co+, Cu+) are very stable, and 

the cations will not degrade under alkaline conditions.4 We will further work on 

developing AEMs with stable cations in the future.  

Except for the conductivity and chemical stability of the AEMs, the synthetic 

method for preparing AEMs still needs to be further investigated to find out a 

straightforward synthetic route for preparing cheap AEMs and reduce the cost of 
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energy conversion. Besides, other new architectures based AEMs, such as 

hyperbranched crosslinking AEMs,5, 6 star-shaped polymer AEMs,4 and AEMs with 

rotatable-spacer side-chains7 or with intermolecular secondary interaction force (like 

cation-dipole interaction8,9 and π-π interactions10), or AEMs cooperated with 2D 

materials11 (like covalent organic frameworks (COF), metal-organic framework 

(MOF), and graphene oxide (GO)), or the self-moisturizing hydrocarbon cactus 

biomimetic AEMs,12 or AEMs alignment by external physical forces (magnetic13 or 

conductive14) are suggested to be further developed to find out a kind of AEMs that 

can fulfill all the requirements for future development of AEMWEs.  

6.2.3 Optimization of the MEA 

The performance of AEMWE could be enhanced by optimizing the membrane 

electrode assembly (MEA) and operating conditions. MEA optimization may lower 

the water electrolysis potential or internal membrane resistance, resulting in 

improved electrolysis performance. In the present work, the MEA preparation is 

based on the catalyst coated substrate (CCS) method. The gas diffusion layer 

electrode is used directly purchased from the Dioxide materials company, where the 

catalyst was already coated on the gas diffusion layer. The catalyst loading content 

and type are required to be optimized in the future. The catalyst coated membrane 

(CCM) approach is deemed superior to the CCS method, as the catalyst is sprayed 

directly and evenly coated over the AEM surface. This is the way we intend to 

prepare the MEA in the future. With the strong attachment between the AEM and 

the catalyst, the ohmic, charge transfer, and mass transport resistance, to some 

degree, can be dramatically decreased, which has led to an increase in the working 

current density.15 

Anion exchange ionomers (AEIs), also known as binders, prevent catalyst leakage 

and bind catalyst to the AEM.16 In most cases, it is made out of the polymer as AEMs. 

Since AEMs and AEIs serve different functions, the criteria for evaluating their 
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distinct attributes are not the same as each another. For instance, AEMs need to have 

strong gas barrier qualities and restricted water contents or membrane swelling, 

whereas AEIs need to have high water permeability, minimal contact with 

electrocatalysts, and sufficient electro-oxidative stability in order to improve 

electrode reactions. There are seldom appropriate polymers used both as AEMs and 

AEIs in AEMWEs.17 We intend to produce novel types of AEIs with non-rotatable 

phenyl groups, such as fluorene or carbazole, that can minimize phenyl oxidation 

and enhance membrane /catalyst stability. 

So far, we have successfully prepared m-TPNPiQA, C-IL-x, and C-FPVBC-x 

AEMs and assembled them in an AEMWE. The AEMs could work stable in water 

electrolysis. However, stability testing was carried out up to 100 h. Compared with 

some commercial AEMs18-20 (Sustainion, A201, and FAA-3-50) that operate up to 

1000 h, more extensive stability tests of the AEMWE based on the as-prepared 

AEMs are required in the future. 

6.2.4 Other applications of AEMs 

Except for applying AEMs in AEMWE, membrane materials are also regarded as 

the crucial component of other energy conversion devices such as fuel cells, CO2 

electrolyzers, redox flow batteries, alkali metal-air batteries, microbial fuel cells, and 

separation processes like electrodialysis and diffusion dialysis. Some of the as-

prepared AEM, such as the C-FPVBC-1.7 AEM, show high conductivity and good 

stability, which can also be used in these energy conversion and separation devices. 

The soluble m-TPNPiQA AEM can be dissolved in many solvents and may be used 

for preparing sheets and hollow fibers. Future work will focus on applying current 

AEMs in other devices or developing novel materials using m-TPNPiQA as a matrix.
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A.1 AEMs in CO2 electrolysis 

 

Fig. A.1 Schematic diagram of a CO2 electrolyser. 

Cathode reaction:       CO2 + H2O + 2 e- → CO + 2 OH− 

Anode reaction:          2 OH− → 1/2 O2 + H2O + 2 e-  

Overall reaction:    CO2 →CO + 1/2 O2 

Besides for applications regarding hydrogen production, anion exchange 

membranes (AEMs) have also been used as ion conductors and separators for the 

electrocatalytic reduction of CO2. As one of the most promising approaches in the 

broad scheme of carbon capture and utilization, CO2 can be converted into organic 

feedstocks such as formic acid (HCOOH), carbon monoxide (CO), methane (CH4), 

ethylene (C2H4) and ethanol (C2H5OH) by CO2 electrolysis.1,2 The electrochemical 

conversion devices are similar to a water electrolysis cell, with different feeds for 

the anode and cathode. Fig. A.1 shows electrolyzers for electrolysis of CO2 to CO. 

Several kinds of commercial AEMs, including Sustainion X37~50 Grade T, 

Sustainion X37~50 Grade 60, and Fumasep FAA-3-20 were investigated for 

electrochemical CO2 reduction.3 Sustainion X37~50 Grade 60 demonstrated the 

highest Faradaic efficiency of 72.7% (at 88 mA cm-2) and energy efficiency of 19.9% 

(at 4.2 V). It is obvious that the energy efficiency is low since the anode needs a high 
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overpotential for water oxidation. Yin et al.4 developed a CO2 electrolyzer based on 

highly conductive and stable poly(arylene piperidinium) membranes. By feeding 

pure water and CO2 into the electrolyzer, a high current density of 0.5 A cm-2 was 

achieved at 3 V and 60 °C. The faradaic efficiency of CO production was higher 

than 85%. Since there are only a few AEMs developed for CO2 electrolysis, and 

further studies on the design of high-performance AEMs are required in the future.  

A.2 AEMs in Redox Flow Batteries 

Redox flow batteries (RFBs) are one of the most promising candidates for grid-

scale energy storage due to their wide power range, long lifetime, and flexible 

discharge duration.5 The energy capacity of the system is directly proportional to the 

concentration of the active redox species and electrolyte volume. At the same time, 

the number of cells in the stack and electrode area will determine the system power. 

As the energy is stored in fluid materials, RFBs act more like a regenerative fuel 

cells than a conventional battery.6 There are various flow battery systems on the 

market. Among them, vanadium redox flow batteries (VRFBs) are the most 

promising ones that use the same electrolyte in both half-cells, thereby eliminating 

cross-contamination and electrolyte maintenance problems. Membranes play an 

essential role in VRFBs, wherein it works as a separator to avoid the mixing of the 

charged vanadium species and prevent battery self-discharge.6 An ideal membrane 

should have high proton conductivity, limited water migration, low swelling ratio, 

low vanadium permeability, good stability, and low cost.7  

The membranes in VRFBs can be divided into ion exchange membranes (IEMs) 

and non-ionic porous membranes.8 Normally, a porous membrane will have low 

ionic resistance in concentrated electrolyte solutions and is inexpensive.9 However, 

a porous structure could lead to a high crossover of electroactive species and result 

in a loss of capacity and battery performance. PEMs and AEMs show lower 

vanadium crossover and better VRFB performance compared to batteries based on 
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porous membranes.10 Considering the membrane costs, large-scale grid systems of 

VFRB based on PEM (e.g. Nafion) are limited. AEMs with positively charged 

functional groups are attractive alternatives to PFSA membranes since they repulse 

positively charged species from the membrane, owing to the Donnan exclusion 

mechanism.11,12 However, the low vanadium crossover evidently comes at the 

expense of reduced proton conductivity. Moreover, the degradation of aromatic 

membranes may be mitigated by using AEMs when the membrane is exposed to 

highly oxidative and acidic media of charged electrolyte.13  

A.2.1 Working principle 

 

Fig. A.2 Schematic diagram of a VRFB. 

 Basically, in the VRFBs system, vanadium species undergo chemical reactions 

to various oxidation states via reversible redox reactions and are converted into 

electricity directly.14 The electrolytes solution in VRFBs typically contains 

vanadium in a range of 1-3 M, dissolved in a 1-2 M H2SO4 solution. The vanadium 

ions involved in the system include VO2+, VO2+, V3+, and V2+. The charging and 
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discharging processes of VRFB using an AEM are illustrated in Fig. A.2. During 

charging, the positive electrode contains V3+ ions, while the negative side hosts V2+. 

During discharging, reduction occurs at the cathode, and oxidation occurs at the 

anode. H+ along with SO4
2- and HSO4

- diffuse across the AEM.13  

 The overall electrochemical processes in the VRFB are seen as follows: 

Cathode reaction:       V3+ + e- ⇔ V2+ 

Anode reaction:          VO2+ + H2O ⇔ 2 H+ + VO2
+ + 2 e- 

Overall reaction:    VO2+ + H2O + V3+ ⇔ 2 H+ + VO2
+ +V2+ 

A.2.2 Research progress of AEMs for VRFBs    

 The VRFB cell performance by using commercial AEMs (including AHA 

(ASTOM), AFN membrane (ASTOM), and APS (Asahi Glass)) has been 

investigated by Choi et al.15 It found that the AFN membrane showed a higher 

current efficiency (96.1%) than Nafion 117 (93.1%) in the VRFBs system, indicating 

its potential as a separator for VRFB. Moreover, Hwang et al.16 introduced a 

crosslinked structure into the commercial AEM (Selemion® type II-b) using 

accelerated electron radiation, and overall energy efficiency of 82% was achieved. 

The long-term stability test of those commercial AEMs in VRFB was not provided. 

Many new types of AEMs with low cost and high performance have been widely 

explored to increase the performance of VRFB. Yun et al.17 evaluated the feasibility 

of using quaternized cardo-polyetherketone (QPEK-C) AEMs for VRBF 

applications. A low vanadium permeability of 8.2 ± 0.2 × 10-9 cm2 s-1 and ionic 

conductivity of 5.6 ± 0.5 mS cm-1 at 30 °C were obtained. However, a 15% decline 

in the content of cationic groups for QPEK-C AEM was observed using NMR after 

operation for 100 h. In order to improve the stability of the cationic groups, Xing et 

al.18 developed imidazolium cations-based polysulfone (PS-Im) AEMs for VRFB 

(Fig. A.3). Four kinds of imidazolium cations were compared. It was found that C2-

substituted imidazolium-based AEMs remain intact in both ex-situ (1.5 M (VO2)2 
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SO4/3 M H2SO4 solution for 90 days) and in-situ (cycling at a current of 120 h mA 

cm-2) stability tests, while unsubstituted imidazolium-based AEMs degraded 

severely under the same testing condition. After assembling a PSf-Im AEM into 

VFRB and continuously operating for 3638 h (4800 cycles), only 34% of energy 

efficiency was lost.  

 
Fig. A.3 Polysulfone based AEMs with C2-protected imidazolium cations for 

vanadium flow battery. Adapted with permission from ref 18. Copyright 2021 

Elsevier. 

Polybenzimidazole (PBI)-based AEMs have attracted great attention in the field 

of VRFBs due to their stable polymer backbone and reduced vanadium permeability. 

Tang et al.19 reported a quaternized PBI-based AEM that contained a long flexible 

side-chain with well-controlled morphology, as shown in Fig. A.4. The prepared 

AEMs showed a low area resistance of 0.43 Ω cm-2 and a vanadium ion permeability 

of 6.9 × 10-7 cm2 min-1, which were even lower than Nafion 115 (0.61 Ω cm-2 and 

3.2 × 10-6 cm2 min-1). As a result, the VRFB based on these AEMs has higher energy 

efficiency (82.7% at 80 mA cm-2) than those using Nafion 115 (77.4%). The cell 

performance hardly changed after cycling at 100 mA cm-2 400 times with the cut-

off voltage controlled between 1.00 V and 1.65 V, demonstrating good stability of 

PBI-based AEM in VRFBs. More efforts to efficiently improve the performance of 

PBI membranes were conducted by Chen et al.20 A dual proton transport channel 

was proposed by introducing pyridine groups (channel1) into the PBI (imidazole 

rings channel 2) membrane (in Fig A.4), which facilitates the proton transport across 
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the membrane. Donnan’s repulsion to vanadium ions still provided low vanadium 

ion permeability. Accordingly, a coulombic efficiency of 99% and a voltage 

efficiency of ~80% were obtained, which confirmed its promise for a vanadium flow 

battery.  

 
Fig. A.4 (a) The chemical structure and (b) cell performance of graft PBI-based 

AEMs. Adapted with permission from ref 19. Copyright 2021 Elsevier. (c) 

Illustration of the B-PBI membrane with dual proton transport channels and (d) cell 

performance. Adapted with permission from ref 20. Copyright 2019 Elsevier. 

A.2.3 Summary and future perspectives 

There is not a single optimal AEM that meets the requirements for all applications 

of RFBs since the cell configuration and operating conditions vary across different 

RFB technologies. Although the AEMs could efficiently reduce vanadium 

permeation in VRFBs, the drawbacks of reduced proton conductivity and poor 

stability still limit their commercial application. Design and preparation of AEMs 
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with micro-phase separated structures seems to be essential for fabricating highly-

efficient ion-conducting pathways and is recommended to solve the issue of low 

conductivity.21 The issue of long-term stability is another difficulty that needs to be 

overcome. Stationary energy storage systems often need to operate for over a 

thousand hours, while the commonly used aromatic AEMs are prone to degradation.9 

The degradation mechanism of AEMs in VRFB suggests that the stability of the 

AEMs is affected both by the molecular structure of the polymer and the functional 

groups.22,23 The PBI-based AEM material disused above seems a good candidate due 

to its stable backbone structure.19 Besides, cationic groups with sizeable steric 

hindrance are also suggested to improve the stability of AEMs.18  

Various new types of membranes have been applied to improve the final 

performance of VRFBs. For example, amphoteric Ion-Exchange Membranes (AIEM) 

contain both acidic and alkaline groups to provide intra- and intermolecular acid-

base (or hydrogen-bond) interactions, resulting in low vanadium ion permeability 

and high ionic conductivity.24,25 Besides, the introduction of inorganic particles like 

zero-dimensional materials (nanoparticles), one-dimensional materials (nanotubes), 

two-dimensional materials (nanosheets), and other materials into the membranes can 

improve the mechanical property while suppressing the crossover of vanadium ions 

is explored to achieve high performance.26 The sulfuric-doped PBI porous 

membrane is another promising candidate for VFRBs, because acid treatment could 

improve its proton conductivity.27 The exploration of AIEMs, composite and acid-

doped membranes in VRFBs is relatively new and needs further design and targeted 

synthesis of membrane materials.  

A.3 AEMs in Alkali Metal–Air Battery 

Rechargeable alkali metal-air batteries (e.g. Al−, Zn−, and Mg-air) that combine 

the advantages of portable traditional batteries and fuel cells facilitate the wide 

utilization of flexible and wearable electronic devices. Among them, Zn-air batteries 
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(ZABs) are highly promising due to the abundance of zinc, minimal environmental 

impact, and good safety characteristics.28 ZABs are regarded as promising 

candidates for energy storage due to their high specific energy density, safety, and 

environmental friendliness.29 Commercial ZABs commonly have a significant 

drawback of zincate ion (e.g. Zn(OH)4
2-) crossover due to the use of porous 

polyolefin membranes (e.g. Celgard® 5550) as a separator, leading to an increase in 

cell polarization and decreased battery cycling efficiency.30 The utilization of AEMs 

in ZABs was suggested to solve this problem. There are some advantages to using 

AEMs: 1) reducing dendrites; 2) avoiding leaching of catalysts; 3) preventing zincate 

ion permeation (Zn(OH)4
2-).31 For practical application, the AEMs should have high 

ionic conductivity, low zincate permeation, and good chemical/electrochemical 

stability. However, the use of AEMs in ZABs is restricted by the poor long-term 

stability at strong alkaline conditions: a problem similarly limiting their applications 

in AEM fuel cells.27 Normally, a typical AEMs exhibit a 10% loss in performance 

after 1000 h, far from the requirements for practical application.32  

A.3.1 Working principle 

 

Fig. A.5 Schematic diagram of a ZAB. 
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Fig. A.5 illustrates the structure of the ZAB cell. The battery is comprised of a 

positive air electrode, an AEM, and a negative zinc electrode assembled in an 

alkaline electrolyte. During discharge, zinc metal is oxidized and converted to 

soluble zincate ions (e.g. [Zn(OH)4]2-). The zincate ions decompose into insoluble 

zinc oxide when the zincate ion becomes supersaturated in the electrolyte. During 

discharging, the reaction proceeds in the opposite direction.  

The overall electrochemical processes in the ZAB are seen as follows: 

Cathode reaction:    O2 + 2 H2O + 4 e- ⇔ 4 OH−    

Anode reaction:      2 Zn + 8 OH− ⇔ 2 Zn(OH)4
2- + 4 e-  

      2 Zn(OH)4
2- ⇔ 2 ZnO + 4 OH−+ 2 H2O 

Overall reaction:     2 Zn + O2 ⇔2 ZnO   

A.3.2 Research progress of AEMs for ZABs 

There are only a few reports regarding the practical application of the AEMs in 

alkali metal-air batteries. Commercialized AEMs, e.g. A201 (Tokuyama) and FAA 

membrane (Fumatech), have been tested in ZABs. The study showed a rapid 

decrease in voltage for the A201-based battery during the initial 400 min, and 

capacity loss was obvious during discharge.33 This is ascribed to the loss of water 

which causes the decrease in ionic conductivity and results in high ohmic resistance 

of the battery.34 A second reason for a decreased conductivity concerns the cationic 

groups in the AEMs, which may be degraded under highly concentrated alkaline 

condition.28  

In order to fully meet the requirements for the application of AEMs in ZABs, 

novel membrane materials with various synthetic approaches were developed. 

Recently, Zhang et al.34 prepared quaternized nanocellulose/GO membranes 

(QAFCGO) with a conductivity of 33 mS cm-1 at room temperature and tested them 

in the ZABs. At a current density of 60 mA cm-2, the QAFCGO-based ZAB exhibits 

a high peak power density (44 mW cm-2) and better cycling stability performance 



Appendix A. Application of AEMs other than in water electrolysis        147 

 

than that of ZAB based on the A201 membrane (33 mW cm-2). Low zincate diffusion 

coefficient (~10-8 cm2 min-1), high specific discharge capacity (~800 mAh g-1), and 

high specific power (1000 mWh g-1, for 2.5 mA cm-2 discharge current density) were 

obtained by Abbasi et al.,35 where the functionalized poly(phenylene oxide) AEM 

with various cationic groups were used. Moreover, the AEMs demonstrated good 

alkaline stability in 7 M KOH solution at 30 °C for at least 150 h.  

As mentioned early, the conductivity of the AEMs can be improved by developing 

AEMs with hydrophilic/hydrophobic phase separated morphology. Wang et al.36 

prepared poly(vinyl alcohol)/guar hydroxypropyltrimonium chloride (PGG-GP) 

AEMs. High conductivity of 123 mS cm-1 was obtained at room temperature due to 

the construction of the microphase-separated structure. Furthermore, the flexibility 

of PGG-GP AEM made it possible to use in flexible ZABs (F-ZABs). The maximum 

power density of 50.2 mW cm-2 at a current of 48 mA cm-2 and good cycling stability 

(9 h at 2 mA cm-2) was achieved. Instead, flexible AEMs are used for the application 

of F-ZABs to achieve high OH− transport capacity and the membranes with KOH-

doped systems are also performed. In AEMWE, these membranes are called ion-

solvating membranes, which are mostly based on PBI materials, as shown in Fig. 

A.3.37 Here, these membranes are normally classified as gel polymer electrolytes 

(GPE).38 Most GPEs are based on PVA or PAA materials in which the alkaline 

solution is stored, forming a three-dimensional network structure. They suffer from 

relatively poor mechanical stability and loss of doped-KOH, leading to a large ohmic 

polarization and resultant degradation of battery operation (more than 6 M KOH 

electrolyte is needed). Further crosslinking or replacing KOH with 

tetraethylammonium hydroxide may be needed.29,38,39 An efficient method to block 

zincate ion crossover seems to be using ion-selective AEMs that could conduct OH− 

and restrict permeation of large size Zn(OH)4
2-.29 
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A.3.3 Summary and future perspective 

  

Fig. A.6 Strategies used to prepare alkaline stable AEMs. Adapted with MDPI 

open access permision.31 

Although the promise of AEMs for ZABs was identified for a long time, it remains 

unclear whether AEMs are applicable in ZABs. The standardized testing 

methodologies are still lacking in evaluating the key properties of AEMs. The main 

challenge for the application of AEMs in ZABs concerns the poor chemical stability 

under alkaline conditions. Compared to the AEMs that are used in fuel cells, where 

the AEMs operate at elevated temperature and low humidity conditions, this problem 

seems not severe. Similar strategies as developed for fuel cells can be adopted for 

alkaline stable AEMs in ZABs, as shown in Fig. A.6.31 Considering the impressive 

progress of high-performance AEM materials in fuel cells, a promising potential can 

be foreseen for the development of low-cost and stable AEMs for ZABs. 

A.4 AEMs in Reverse Electrodialysis 

Technologies to harvest the energy directly from the flow of ions concerns reverse 

electrodialysis (RED), which is based on salinity gradients (e.g. seawater and river 
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water/freshwater).40,41 Normally, the AEMs are combined with CEMs in a RED cell. 

AEMs are used to selectively transport anions, and CEMs transport cations. 

A.4.1 Working principle 

A schematic illustration of a RED cell for energy harvesting is shown in Fig. A.7. 

The working principle of RED relies on the electrochemical equilibrium of the co-

ion exclusion theorized by Donnan.42 Basically, IEMs are stacked together in an 

alternating pattern between a cathode and an anode with fresh water and saltwater 

flowing between the IEMs.43 An electrochemical potential difference between the 

various water streams drives the cations through the CEMs and anions through the 

AEMs. The transported ions are converted into electrons through a reversible redox 

reaction at the electrodes.  

 
Fig. A.7 Schematic diagram of a RED cell. 

A.4.2 Research progress of AEMs for RED 

Since the AEMs in RED cells are common in the Cl− form, the membrane 

resistance is higher than that of the AEMs used for fuel cells. Długołęcki et al.44 

compared the RED performance with various commercialized AEMs, such as 
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Fumasep®, Neosepta®, Ralex®, and Selemion® membranes. The best 

benchmarked commercial AEMs reach a power density of more than 5 W m-2, 

indicating a higher power density can be obtained by using AEMs with low 

membrane resistance and high permselectivity. However, a preferred membrane area 

resistance is lower than 1-2 Ω cm2, and permselectivity higher than 95% seems 

difficult to improve.  

Guler et al.45,46 developed tailor-made AEMs which were composed of 

olyepichlorohydrin (PECH), a tertiary diamine, and poly(acrylonitrile) for RED 

applications. It was found that there was a statistical correlation between the 

thickness of the membrane and its area resistance. A low area resistance ranged from 

0.82 to 2.05 Ω cm2, and high permselectivities from 87% to 90% were obtained using 

0.017 M and 0.507 M NaCl synthetic feed solution. After optimizing the membrane 

thickness, a power density of 1.27 W m-2 was achieved by feeding sea and river 

water into the RED cell. This value is higher than that of cells based on commercial 

Neosepta AMX membranes (1.1 W m-2).46 Most recently, Cho et al.47 introduced 

three kinds of cationic groups (tetramethylammonium, 1-methyl-imidazolium, and 

1-azabicyclo [2,2,2] octane) into poly(arylene ether sulfone) (PAES) to fabricate 

AEMs and investigated the effect of functional groups on RED performance. The 

imidazolium-functionalized PAES (IMD-30-PAES) showed higher permselectivity 

than the other two AEMs, while their conductivities were similar. The IMD-30-

PAES demonstrated a maximum power density of 1.2 W m-2, which is also higher 

than that of a commercial Neosepta AMX membrane. The area resistance of 1.65-

3.86 Ω cm2 still seems to be somewhat high. Therefore, Lee et al.48 developed 

poly(ethylene) reinforced AEMs based on crosslinked quaternized polystyrene and 

poly(phenylene oxide) for RED. The fabricated AEMs exhibited a low area 

resistance of 0.69-1.67 Ω cm2, and the corresponding RED stack provided a 

maximum power density of 1.82 W m-2, which is higher than that of the AMV 

(Selemion™) membrane (1.50 W m-2).  
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A.4.3 Summary and future perspectives 

  Most reports focus on the technological aspects of RED rather than the 

membranes. Although stack design could optimize the overall performance of RED 

cells, the effect is limited when a higher flow rate or thinner spacers are applied.49 

Therefore, the enhancement of membrane properties would definitely be one of the 

main challenges for developing high-performance RED cells. Instead of flat AEMs, 

tailor-made AEMs like ridges, waves, and pillars are widely used in RED.50 Besides, 

cheaper pseudo-homogeneous, porous, grafted, and other types of membranes were 

studied.50 It is noted that natural water is usually used for large-scale application of 

RED cells, which introduces issues related to fouling and RED power density.51 

Future designs of AEMs for the RED process should perhaps consider the anti-

fouling property of the membranes and monovalent-ion selectivity. Besides, it is 

worth pointing out that the reports on RED often ignore the economic analysis of 

this process. The energy density between seawater and freshwater is relatively low 

seems that RED may not be an ideal technology for energy harvesting. Alternative 

processes like pressure retarded osmosis provide better large-scale efficiencies.52, 53  

A.5 AEMs in Electrodialysis 

Electrodialysis (ED) concerns a separation technology that is used in various 

industries, including the Chlor-alkali process, demineralization of saline water, 

wastewater treatment, etc.54 During ED, no phase change occurs, and the ED 

technology has the advantages of simple operation, small footprint, and low 

pretreatment requirements.55 The specific requirements for the AEMs used in the ED 

process include high permselectivity, especially the selectivity between monovalent 

and divalent anions.56  
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A.5.1 Working principle  

Fig. A.8 shows a schematic diagram of a typical ED cell. Similar to RED, a set of 

alternating AEMs and PEMs are placed between the cathode and anode to fabricate 

an ED cell. AEMs and PEMs act as barriers for cations and anions, respectively. The 

cathode and anode of the ED cell are then delivering a DC electric field to migrate 

the charged ions through the IEMs, obtaining enriched and diluted outlet streams.57 

ED can be operated in batch mode or continuous mode, depending on the scale of 

the process. Continuous operation eliminates the need for batch-wise replacement of 

concentrate compartments.58 

 
Fig. A.8 Schematic diagram of an ED cell. 

A.5.2 Research progress of AEMs for ED  

Commercially available AEMs such as ACS (Astom, Japan) have been applied in 

ED processes.59 The separation factor of Cl−/SO4
2- is low (about 0.4), which needs 

to be further improved for a more efficient separation process.60 To improve the 

separation factor for Cl−/SO4
2-, Priya et al.61 prepared a series of crosslinked CrPSf-
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x AEMs based on chloromethylated polysulfone and 1-4-diazabicyclo[2.2.2] octane 

functionalized graphene oxide as shown in Fig. A.9. The AEM becomes dense after 

crosslinking and thus may differentiate the ions via the size sieving effect. The ED 

performance was studied using a mixed salt solution of 0.05 mol L-1 (NaCl+Na2SO4). 

A high separation factor (5.7) for Cl−/SO4
2- was obtained for the prepared CrPSf-3 

membrane, a value higher than that of polysulfone-based (1.7) and commercial 

Femasep®FAB-PK-130 AEMs (2.01). Besides, the CrPSf-3 membrane with an 

effective area of 12 cm2 showed a high Cl- flux of 2.97 mol m-2 h-1 at a constant 

current density of 12.0 mA cm-2 and maintained other parameters constant (e.g. 

applied current density, flow rate, temperature, feed volume), which has potential to 

replace the use of commercial AEMs.  

 

Fig. A.9 The chemical structure and ED performance of CrPSf-x AEMs 

conducted at a fixed current density, 12.0 mA cm-2. Adapted with permission from 

ref 61. Copyright 2021 Elsevier. 

Khan et al.62 developed new AEMs for ED from brominated poly (2,6-dimethyl-

1,4-phenylene oxide) (BPPO) and dimethylethanolamine (DMEA). The IEC of the 

prepared membranes ranged from 0.6 to 1.38 meq g-1. Two AEMs named DMEA-
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10 and DMEA-15 were selected for desalination in ED cells and showed better ED 

performance than commercial Neosepta AMX membranes. In Khan’s further 

research, they found that using methyl(diphenyl)phosphine (MDPP) instead of 

DMEA could increase the IEC of the AEMs (1.09-1.52 meq g-1).63 The ED 

performance of the prepared MDPP-based membranes was evaluated by using 0.1 

M NaCl as the feed solution. The water recovery and desalination of MPDD-43 can 

reach up to 98% and 98.49%, respectively, which is higher than that of AMX (97% 

and 97.0%).  

Since ED is often used for high concentrated wastewater treatment, which may 

lead to fouling issues, surface modification is an efficient method to protect the 

AEMs from fouling.64 Mulyati et al.65 used poly(sodium 4-styrene sulfonate) to 

modify the surface of the Neosepta AMX membrane and found that the antifouling 

potential of the AEMs was significantly improved due to the hydrophilicity and 

density of charged groups on the modified membrane surface. A sandwich-like AEM 

composed of upper/bottom bilayers of polydopamine (PDA) and alternating bilayers 

of poly (sodium 4-styrene sulfonate) (PSS)/hydroxypropyltrimethyl ammonium 

chloride chitosan-nano silver particles (HACC-Ag Np), was also fabricated by Hao 

et al.66 using the layer by layer method. The modified AEMs with 4.5 bilayers of 

PSS showed a high permselectivity of 5.1 for Cl−/SO4
2-, much higher than that of a 

commercial Fujifilm membrane (0.98). The anti-fouling property improved 

enormously due to PDA’s electrostatic repulsion and hydrophilicity in the sandwich 

structure. In addition, antibacterial activities were also achieved by anchored silver 

nanoparticles, showing that the modified AEM is potentially applicable in ED. 

A.5.3 Summary and future perspectives 

ED is effective in separating ions in water treatment and desalination. However, 

water pollutants such as suspended particles, colloids, bacteria, and large organic 

molecules hamper the process. Integrating ED with other water treatment 
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technologies is strongly suggested to remove these pollutants and produce highly 

purified water.67 Besides, fouling in ED still occurs under certain conditions despite 

the use of reduced fouling surfaces. Further research on the fouling mechanism on 

the membrane is crucial to alleviate the fouling issues during long-term operation. 

The introduction of crosslinking the AEM matrix or coating a thin layer on the 

surface of the AEM is considered to present an effective way to improve ED 

performance.68  

A.6 AEMs in Diffusion Dialysis  

To date, many methods, including crystallization, solvent extraction, ion exchange, 

and membrane technology are used to recover acid from industrial effluents.69 

Considering these methods, membrane technology is regarded as an efficient and 

straightforward approach to recovering acid. Diffusion dialysis (DD) using AEMs 

has already been widely used in the industry for recovering acid. Because it has low 

energy consumption, low operation cost, high product quality, and environmental 

friendliness.70 The AEMs used in DD contain positive charge groups that enable the 

migration of anions and repel cations. To obtain high DD performance, AEMs are 

required with limited water permeability, high proton permeability, and strong 

rejection of salts.69   

A.6.1 Working principle 

The working principle of DD using AEM for acid recovery is shown in Fig. A.10. 

The anions such as Cl−, NO3
− in the acidic waste solution can transport through the 

AEM while the cations are blocked owing to the Donnan criteria of co-ion 

rejection.71 Unlike other cations, H+ can still transport through the AEM due to its 

small size and co-transport with anions. As a result, the acid can be collected on the 

receiving side while the cations, like larger size metal ions, are kept on the feed side.  
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Fig. A.10 Schematic diagram of a DD cell. 

A.6.2 Research progress of AEMs for DD 

To date, commercial AEMs such as Selemion DSV (Asahi Glass), Neosepata 

AFX/N (Tokuyama), and DF120 (Shandong Tianwei Membrane Technology Co.) 

are used for acid recovery.70 However, the acid permeability and ion selectivity of 

these AEMs still need further improvement for the applications. Cationic groups are 

attached to the polymer backbones (polysulfone, poly(2,6-dimethyl-1,4-phenylene 

oxide), and polyvinyl alcohol) to fabricate AEMs for acid recovery.72-75 Noor et al.76 

fabricated a series of AEMs based on Bromo-methylated poly(phenylene oxide) and 

dimethylamino pyridine. The obtained AEMs had proton dialysis coefficients 

ranging from 0.37 to 20.3 (10-3 m h-1) at 25 °C. Besides, the membranes showed a 

higher separation factor of H+/ Fe2+ (73-351) compared to commercial DF-120 

membranes (18). Sharma et al.77 reported a series of crosslinked poly(2,6-dimethyl-

1,4-phenylene ether) AEMs for acid recovery by DD. They found that the hydrate 

functionality with a non-overlapping set of lone pairs on oxygen improved the proton 
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mobility via the Grotthuss mechanism inside the membrane. With a high HCl 

recovery efficiency of 92.82%, the diffusion rate of the proton was 0.0651 m wh-1, 

and a separation factor of ~117 can be achieved. These AEMs have the potential for 

acid recovery from industrial acidic effluents using DD.  

A.6.3 Summary and future perspectives 

Efforts have been made over the years to enhance the properties of the AEMs used 

in the DD process for acid recovery. The acid permeability, acid selectivity, and 

membrane stability are crucial factors that could determine the efficiency of acid 

recovery. The trade-off effect for AEMs regarding acid permeability and selectivity 

still needs to be solved. High stable fillers can be used for the membrane matrix to 

improve acid recovery and stability. Except for this, pore-filled, nanofiber- and 

microporous supported AEMs are also investigated for acid recovery, which could 

reduce ion transport resistance and thus improve the acid recovery capacity and 

efficiency.67 In addition, the mechanism of ion transportation through the AEMs 

should be further investigated. In order to improve the potential for practical 

applications of DD technology, a various extension of the technology, including 

applying pressure, an electric field, or continuous operation, is suggested to integrate 

the DD process using AEMs.69   

A.7 AEMs in Microbial Fuel Cells 

The conventional methods for wastewater treatment, e.g. flocculation/froth 

flotation, are highly energy-intensive, complex, and typically environmentally 

unfriendly.78 Microbial fuel cells (MFCs) are a kind of energy conversion devices 

that could convert the chemical energy of organic matter in sludge or wastewater to 

electric energy using enriched electroactive bacteria.79 In comparison to the low 

temperature (<100 oC) polymer electrolyte membrane fuel cells, which rely on 

expensive precious metals as electrode catalysts, the use of microbes in the MFC 
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enables a lower cost of the fuel cell devices. The development of MFCs is beneficial 

to environmental protection, energy harvesting, and water purification. Typically, 

IEMs work as the separator and ion conductor in MFCs. The state-of-art PEMs, such 

as Nafion, is widely used in MFCs. However, the PEMs have the drawbacks of pH 

splitting and inefficient proton transportation due to the low proton concentration, 

which limit their practical application for MFCs.80,81 As an alternative approach 

toward overcoming the drawbacks of PEMs, AEMs show a higher rate of proton 

transfer by using phosphate or carbonate as the proton carrier and pH buffer in 

MFCs.80 Therefore, MFCs based on AEMs generally exhibit a higher power density 

compared to the MFCs based on PEMs.  

 
Fig. A.11 Schematic diagram of an MFC. 

A.7.1 Working principle 

A schematic representation of a typical MFC based on AEMs is presented in Fig. 

A.11. Normally, an AEM-based MFC is composed of an anode, AEM, and cathode. 



Appendix A. Application of AEMs other than in water electrolysis        159 

 

In the anode (anaerobic) chamber, the fuel is oxidized by the microorganisms’ 

generating protons and electrons. The electrons transfer to the cathode chamber via 

an external circuit while protons react rapidly with dibasic anions (e.g. HPO4
2-, CO3

2-) 

to form monobasic anions (e.g. H2PO4
-, HCO3

-). The monobasic anion diffuses from 

the anode to the cathode through an AEM, releasing the proton to the cathode and 

then transfers back to the anode chamber as a dibasic anion via diffusion and 

electromigration.82  

A.7.2 Research progress AEMs for MFCs 

A few AEMs are designed and prepared for MFCs applications. Ultrex® AMI-

7001 is a commercially available AEM that has been assembled in a two-chamber, 

air-cathode cube MFC for the evaluation of its potential MFC application.83 A 

maximum power density of 610 mW/m2 was reported at a current density of ~0.13 

mA cm2, which is higher than that of Nafion. Besides, the AEM provides a high 

coulombic efficiency of ~70% in comparison to the values obtained with Nafion, 

other CEMs, and ultrafiltration membranes. The low internal resistance and the 

proton charge transfer facilitated by phosphate were responsible for the high 

performance of AEM-based MFCs. Except for the commercialized membranes, 

researchers strived to fabricate novel AEM materials that exhibit properties and 

performance superior to the Ultrex® AMI-7001 or Nafion. As an alternative, 

quaternized polysulfone (QPSU) was developed.84 The QPSU AEM produced an 

improved power density of 810 mW m-2 at 0.753 V compared to the AMI-7001 when 

tested in a single-chamber MFC at 30 °C. Additionally, AEMs based on poly(ether 

imide),85 poly(phenylene oxide),81 polystyrene-block poly(ethylene-ran-butylene)-

block-polystyrene)86 etc. were developed to achieve high-performance MFCs. 

Recently, the group Logan reported an AEM-based MFC with a maximum power 

density of 8.8 ± 0.5 W m-2 over a current density range of 35-50 A m-2, which is the 

highest value ever achieved using acetate in a 50 mM phosphate buffer medium.87 
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Their work also confirmed that the selectivity of OH− transport through the AEMs 

without catholyte is critical to limiting biofilm acidification by neutralizing the 

protons produced at the anode.  

A.7.3 Summary and future perspectives 

Although a higher power density can be achieved in AEM-based MFCs with 

buffer anions, the AEMs still suffer from substrate crossover.80,83,88 This could 

promote biofilm formation on the cathode surface and reduce the MFC performance. 

Membranes with high hydrophilicity often show more resistance to biofouling. This 

method may be used to fabricate novel AEMs to solve the biofouling problem by 

modification with nanoparticles, activated carbon, clay, and bio-based carbon 

materials. Moreover, AEMs are liable to deform compared to the PEM-based single-

chamber air-cathode MFCs, which could generate a void space between the cathode 

and the membranes, resulting in the increased internal resistance of MFCs.89 The 

utilization of highly concentrated phosphate buffers in MFC is uneconomic which 

could increase the cost for treating the wastewater. Bicarbonate buffers present an 

alternative that has a lower cost and comparable buffering capacity compared to 

phosphate buffers. In the future, efforts should be made to deal with the drawbacks 

of biofouling formation, poor dimensional stability, and buffer issues in order to 

utilize AEMs as a separator for practical applications.  

A.8 AEMs in Other Applications 

Given the increasing applications of recombinant adenoviruses for gene therapy 

and vaccination, AEM-based devices play a crucial role in the separation/purification 

of biotechnological products.90 Traditional chromatographic methods have 

limitations of high-pressure drop and slow processing rates due to pore diffusion and 

channeling of the feed through the bed. The benefits of AEMs adsorbers are fast, 

gentle, and effective isolation. Therefore, AEMs-based adsorbers or AEMs 
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chromatography hold the promise to maintain high efficiencies both at high flow 

rates and for use with large biomolecules that have small diffusivities. Their use is 

also accompanied by reduced protein degradation and denaturation.91 Frequently, 

ligands containing quaternary amine groups or diethyl aminoethyl (DEAE) are used 

to produce strong AEM adsorbers, which enable high capacities at high ionic 

strength due to the presence of secondary, hydrogen bonding interactions. Sartobind 

Q1(Sartorius AG) and Mustang Q1 (Pall Corporation) are commercial examples of 

these.92 The use of AEMs was described for the purification of bacteriophage PRD1 

from bacterial culture and alpha herpesvirus from the cell culture supernatant of 

porcine kidney or Madin-Darby bovine kidney cells.93 Regarding proteins, a 

tremendous amount of literature exists demonstrating the applicability of AEMs 

adsorbers as an alternative for the concentration and purification of adenoviruses and 

as a promising solution for downstream processing of other viral vectors.94 

A.9 Summary 

The applications of AEMs in CO2 electrolysis, VRFBs, ZABs, RED, ED, DD, 

MFCs, and other fields are summarized in this chapter. Significant progress has been 

made in designing novel AEM materials. For electrochemical devices like CO2 

electrolysis, VRFBs, ZABs, and RED, AEMs with high conductivity and long-term 

alkaline stability are crucial. For the water treatment applications, such as ED, DD, 

MFC, and other biological applications, AEMs with anti-fouling properties and high 

ion selectivity are especially important. The trade-off effect between different 

membrane properties still needs to be handled. One of the main challenges for the 

application of AEMs lies in the development of low-cost and high-performance 

AEMs.  
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B.1 Chemical structures and polymer properties 

B.1.1 Proton nuclear magnetic resonance spectroscopy (1H NMR) 

The chemical structures of the synthesized polymers were confirmed by 1H NMR 

spectroscopy using a 400 MHz NMR instrument (Bruker ASCEND™). DMSO‑d6 

and tetramethylsilane (TMS) were used as a solvent and internal standard. 

B.1.2 Fourier transformed infrared spectroscopy (FT-IR) 

FT-IR spectra were collected in a PerkinElmer UATR spectroscopy in the range 

of 400-4000 cm-1 with resolutions of 4 cm-1 and 16 scans.  

B.1.3 Gel permeation chromatography (GPC) 

The number and average molecular weight values (Mn and Mw) of the precursor 

polymers were evaluated using dimethylformamide (DMF, HPLC-grade) as an 

eluent at 35 °C in a size-exclusion chromatography system (waters1525 & Agilent 

PL-GPC220) equipping with three PLgel 3 μm MIXED-E columns and a refractive 

index detector (Viscotek TDA). Standard polystyrene samples were used for the 

calibration. Before measurements, a certain amount (3 mg) of dry polymer was first 

dissolved in 3 mL of DMF solution and filtered through a Teflon filter with a pore 

size of 0.45 μm.  

B.1.4 Differential scanning calorimetry (DSC) 

The glass transition temperatures (Tg) of each polymer were studied on a 

STA449F3 thermogravimetric analyzer (NETZSCH, Germany) under nitrogen 

protection with a heating rate of 10 °C min-1.  
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B.2 Membrane properties 

B.2.1 Gel fraction (GF) 

GF was evaluated by the solvent extraction method to evaluate the crosslinking 

degree of the membranes.1 The knowing weight dry samples (1×2 cm2) were 

immersed in DMSO solution at 80 °C under vacuum for 48 h to dissolve the soluble 

polymer component. The insoluble polymer component was taken out and dried 

under a vacuum at 80 °C for 24 h to remove the residual solvent. The GF is calculated 

using the ratio of the pristine and dried weights after testing the membranes by the 

following eq. (1):  

𝐺𝐹 =
𝑚0

𝑚,
× 100% 

where ma (g) is pristine dry weight and mb (g) is the weight after testing.  

B.2.2 Ion exchange capacity (IEC) 

IEC refers to the number of exchangeable ions for the dry membrane.2 The 

theoretical IECtheo values of membranes were achieved from the NMR spectra of the 

cationic polymers. The titrated gravimetric IECm was measured by using the titration 

method. A certain amount of dry membrane was immersed in 2 M NaCl solution for 

24 hours to exchange the counter ions into Cl- ions completely. The resulting 

samples were then rinsed and equilibrated in 100 mL of 2 M NaNO3 standard for 24 

h to facilitate the release of Cl- ions. After that, the amount of Cl- in the solution 

was determined by titrating 0.1 M aq. AgNO3 solution using Ag-titrode in 805 

Dosimat-Metrohm AG to the endpoint until all Cl- ions were converted to AgCl 

precipitation. The measurements were repeated three times to get the average values, 

and the titrated IECm (meq g-1) was calculated using eq. (2):  

𝐼𝐸𝐶/ =
𝑉1234! × 𝐶1234!

𝑚5!6
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where CAgNO3 (mol L-1) is the concentration of AgNO3 solution, VAgNO3 (L) represents 

the consumption volume of AgNO3 solution and m (g) is the weight of the dry 

membrane sample.   

The IECOH
- (meq g-1) was calculated based on the anion exchange membranes 

(AEMs) in the OH− form as the following eq. (3):  

𝐼𝐸𝐶4)" =
𝐼𝐸𝐶/

1 − 𝐼𝐸𝐶/(𝑀7" −𝑀4)")
1000

 

where the Mx
- (g mol-1) and MOH

- (g mol-1) are the molecular weight of halogen ions 

and hydrogen ions, respectively.  

The volumetric IECv (meq cm-3) was determined according to the previous report 

and was calculated by the following eq. (4):3 

𝐼𝐸𝐶𝑣 =
𝐼𝐸𝐶/

1
𝜌189

+ 𝑊𝑈/
100 × 𝜌:,&"!

 

where the ρAEM (g cm-3) is the density of AEM obtained by Archimedes method and 

ρwater (g cm-3) is the density of water. WUm (wt%) is mass-based water uptake. 

B.2.3 Water uptake (WU), swelling ratio (SR), and hydration number 

(l) 

WU is measured by comparing the weight of membranes under dried and hydrated 

conditions. The counter ions (Br− /I− /Cl−) were firstly transformed into the hydroxide 

ions (OH−) by immersing the membranes in 1 M aq. KOH solution for at least 48 h 

and subsequent washing with deionized (DI) water. The squared membranes in OH− 

form (1×2 cm2) were cut and weighted (mwet, g) by drying the membranes in a 

vacuum oven at 80 °C to constant mass. Then the membranes were equilibrated in 

DI water for 24 h at 20, 40, 60, and 80 °C, respectively. After removing residual 

water from the surface of the membranes, the wet weight (mwet, g) was measured 

immediately. Measurements were carried out at least three times using different 
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specimens, and the average value was obtained. Given the mass-based WUm (wt%) 

according to the following eq. (5):  

𝑊𝑈/ =
𝑚:"& −𝑚5!6

𝑚5!6
× 100 

The volumetric WUv (vol%) is calculated by eq. (6): 

𝑊𝑈# = 𝑊𝑈/ ×
𝜌189
𝜌;,&"!

× 100 

where mwet (g) and mdry (g) are the weight of the wet and dry membranes, respectively.   

The hydration number (λ), which defined as the average number of water 

molecules per cationic group. It was calculated by dividing the water uptake by the 

molecular weight of water and IEC in eq. (7): 

𝜆 =
10 ×𝑊𝑈/
𝑀)#4 ×	𝐼𝐸𝐶/

 

Note that the WUm is multiplied by 10 to account for the WUm being reported in 

percent and the IECm being reported in meq g-1. MH2O is the molar mass of water 

(18.02 g mol-1).  

The SRl (%) of the membranes is measured in the linear expansion when exposed 

to water. It is calculated by the following eq. (8): 

𝑆𝑅+ =
𝑙:"& − 𝑙5!6

𝑙5!6
× 100 

where the lwet and ldry are the length of wet and dry membrane, respectively.  

B.2.4 Static contact angle measurement 

The surface hydrophilicity of membrane samples was measured using a contact 

angle analyzer (OCA 20, Data Physics Instruments GmbH, Germany). For the 

sessile drop technique, the membranes were taped onto a flat glass, and 2 µL of DI 

water was dropped from a microsyringe with a stainless-steel needle onto the 

membrane’s surface at room temperature. The contact angle was determined as the 
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angle between the solid surface and a tangent to the curved surface of the drop within 

5 s. 

B.2.5 Hydroxide conductivity 

Electrochemical impedance spectroscopy (EIS) is the most widely used method 

for measuring the resistance of membranes. Here, an alternating current (AC) two-

point probe EIS was performed on an electrochemical workstation (Autolab, 

PGSTAT302N) at frequencies ranging from 106 Hz to 1 Hz with an amplitude of 10 

mV. Firstly, the membrane samples in hydroxide form were cut into 1×2 cm2 

rectangles and kept in degassed DI water prior to any measurements to avoid 

carbonate formation. The thickness of membrane samples was measured by a spiral 

micrometer. The effective area (cross-sectional area) of the membrane was recorded 

as A (cm2). During the measurements, the membranes in a longitudinal direction 

were sandwiched in a homemade two-electrode device and placed in a sealed cell. 

Before each measurement, the testing cell was equilibrated for at least 30 min with 

a temperature range of 20-80 °C. and repeated at least three times to obtain an 

average value. The conductivity (σ, mS cm-1) of each membrane sample in the fully 

hydrated state was calculated by using eq. (9): 

𝜎 =
𝐿
𝑅𝐴 

where L (cm) corresponds to the distance between electrodes and R (Ω) is the 

membrane resistance. The thickness of the membranes was measured by a 

micrometer. 

The ion activation energy (Ea, kJ mol-1) of the AEMs was obtained by the slope 

of lnσ versus 1000/T, which is fitted by the Arrhenius formula eq. (10):4 

lnσ = lnσ< −
𝐸,
𝑅𝑇 

where σ0 (mS cm-1) is the pre-exponential factor, R is the universal gas constant 

(8.314 J mol-1K-1), and T (K) is the absolute temperature.  
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B.2.6 Diffusion coefficient (D)  

For the membranes, the D (m2 s-1) of the mobile ions (OH−) could be calculated 

from a form of the Nernst−Einstein equation eq. (11):5 

𝐷 =
𝜎𝑅𝑇
𝑐𝑧=𝐹= 

where σ (mS cm-1) is the measured conductivity, R is the ideal gas constant, T (K) is 

the absolute temperature, z is the valence charge, and F is Faraday’s constant (9.65 

× 104 C mol-1).6 The ion concentration, c (mol cm-3) is the concentration of ions in 

moles per cm-3 calculated by eq. (12):7 

𝑐 = 0.001 ×
𝜌189𝐼𝐸𝐶#

1 + 0.01𝑊𝑈#
 

where ρAEM is the polymer density, IECv is the milliequivalents of ion per gram 

polymer, and WUv is the volume-based water uptake.  

Maximum ion diffusivity (D0, m2 s-1) in pure water can be calculated from the 

dilute solution mobility of the mobile ion by eq. (13): 

𝐷< =
µ𝑘>𝑇
𝑞  

where μ is the dilute solution hydroxide ion mobility (197.6 × 10 -5 cm2 V-1 s-1),8 kB 

is the Boltzmann constant (1.38 × 10-23 m2 kg s-2 K-1), T (K) is the absolute 

temperature, and q is the ion charge (1.60 × 10-19 C).9  

B.3 Membrane morphology 

B.3.1 Scanning electron microscope (SEM) 

A field emission SEM (JSM-6010LA) TouchScope™ instrument with an 

accelerating voltage of 5.0 kV, was employed to observe the surface morphology of 

the membranes. Prior to SEM imaging, the membranes were dried at 30 °C for 12 h 

and coated with an ultrathin platinum layer to improve the electroconductivity.   
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B.3.2 Atomic force microscopy (AFM) 

The surface microstructure of membranes was further investigated by AFM 

(Bruker Dimension® Icon™) with a TESPA-V2 nanosensor at tapping mode in RT.  

B.3.3 Transmission electron microscopy (TEM) 

TEM images of membranes were obtained on a JEOL JEM-2100 transmission 

electron microscope operating at the voltage of 200 kV. Prior to the TEM 

investigations, the membrane samples were soaking in 0.5 M aq. Na2WO3 solution 

for 48 h for ion exchanging, then washed with DI water and dried at 60 °C for 24 h. 

The dried membranes were embedded in an SPI-Pon™ 812 epoxy resin, sectioned 

to 60 nm thickness using a microtome. Then the ultrathin film was placed on carbon-

coated copper grids for observation. Fast Fourier transformation (FFT) of the TEM 

images was done by ImageJ. 

B.3.4 Small-angle X-ray scattering (SAXS) 

The fabricated membranes inside phase-separated morphology were analyzed 

using the SAXS spectrometer (SAXS SYSTEM, XENOCS, France). Bragg’s law 

was used to calculate the periodic d-spacing (nm) of the membranes in the following 

eq. (14): 

𝑑 =
2π
𝑞  

where the q (nm-1) is the location of the characteristic peak.  

B.4 Membrane stability  
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B.4.1 Thermal stability 

The thermal decomposition behaviors of membranes were evaluated through the 

thermogravimetric analysis (TGA) using a TA Instruments (PerkinElmer TGA 

4000). Prior to analysis, the samples were preheated to 120 °C to remove traces of 

absorbed water and any solvent residues. All measurements were performed from 

30 to 800 °C at a heating rate of 10 °C min-1 under a nitrogen atmosphere. 

B.4.2 Mechanical stability 

A Zwick Z5.0 mechanical tester was used to measure the mechanical properties 

of the AEMs in the wet state at RT. The crosshead speed of the tester was 10 mm 

min-1. The membrane samples were cut into dumbbell shapes with an active area of 

20 mm × 4 mm.  

B.4.3 Alkaline stability 

The membrane alkaline stability was studied quantitatively and qualitatively by 

periodically monitoring IECNMR, conductivity, and the chemical structure of the 

AEMs. During the alkaline stability test, membranes were immersed in an alkaline 

solution at a given temperature for extended periods of time. The alkaline solution 

was exchanged with the fresh alkaline solution every two days. Before properties 

testing, all the samples were washed with DI water to remove residual alkalis 

solution. The changes in chemical structure were monitored by 1H NMR or FT-IR 

spectroscopy. Other membrane properties such as conductivity and IEC were also 

monitored to evaluate the membrane stability.  

The lowest unoccupied molecular orbital (LUMO) energies of the cations were 

obtained by ground-state density functional theory (DFT) using the B3LYP method 

with a 6-311G++(d,p) basis set implemented in Gaussian software.10  
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B.5 Membrane properties 

In electrochemical convention and storage devices, one of the most significant 

responsibilities of an AEM is to offer paths for charge carriers to complete the 

electrical circuit. As a result, ionic conductivity, which reflects the smooth transport 

of charge carriers across polymer electrolyte membranes, is regarded as an important 

indication for evaluating membrane performance.11 The ionic conductivity is 

affected by many factors, such as the crystallinity of the polymer, the temperature of 

the environment, the type of medium, and the activity of the groups involved in 

complexing, and the flexibility of the segment. Diffusion co-efficiency is another 

index to measure the ionic conductivity of membranes, which is mainly related to 

the membrane microstructure and reflects the degree of synergistic transfer of co-

ions and counter-ions in the membrane. Consequently, a high ionic conductivity or 

diffusion ecoefficiency indicates that charge carriers may readily travel across the 

membrane, resulting in increased energy efficiency. Membranes with limited ionic 

conductivity have large internal resistance, restricting application performance.12 

Compared to Nafion, AEMs often have much lower conductivity under similar IEC 

values since the mobility of H+ is much higher than that of OH−.8 Hence, high IEC 

values for AEMs are required to assure optimal performance. 

IEC is a significant characteristic that influences the ionic conductivity of polymer 

electrolyte membranes. This is mostly determined by the number of ion-exchange 

functional groups present in the polymer electrolyte membrane.13 Membranes are 

highly hydrophilic due to their large number of hydrophilic active functional groups. 

A high IEC could result in a high conductivity but lead to a high WU and swelling 

ratio SR.  

WU is affected by the density of the polymer network as well as the hydrophilic 

characteristic of the polymer matrix and morphologies.14 For most AEMs, the 

conduction of anions in the membrane is usually realized by water as the carrier, so 

the WU of the AEM is of great significance to its electrical conductivity. WU 
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indicates the capability of AEMs to absorb water. As a result, the membrane ionic 

conductivity can be significantly influenced. According to the vehicle mechanism, 

ions are conducted in the membrane with water as the carrier. Many investigations 

have shown that increased WU of membranes enhances their ionic conductivity, 

where WU assists in the dissociation of ion pairs between the fixed ion exchange 

group and mobile ions.15 Still, WU can swell the membrane, which in turn results in 

reduced ionic conductivity, poor mechanical properties and stability of the 

membrane. Therefore, it is essential to control the water absorption and swelling 

ratio within a reasonable range.  

Similar to the WU, SR refers to the dimensional changes of the membrane in 

hydrated conditions. High SR causes the membrane to deform in the separator frame 

or even block the ion transport channels. Temperature also affects the swelling 

degree of the membrane. The higher the temperature, the greater the swelling. 

Therefore, the working temperature of the application should be lower than 80 °C.  

An additional criterion for the usage of membranes is that they have a particular 

mechanical strength. The structure and thickness of the polymer membrane 

significantly influence the mechanical strength. Membrane thickness is determined 

using a micrometer in either a dry or wet condition. The mechanical strength 

increased with thickness, while the electrical conductivity decreased. The thickness 

is usually between 0.4-0.7 mm when developing homogeneous films. The membrane 

strength can also be enhanced via crosslinking, blending nanoparticles, and 

embedding the mesh cloth techniques, which can effectively prevent excessive 

swelling. Throughout the manufacturing process, the membrane may be compressed 

and stretched. Mechanical strength affects the assembly process and contributes to 

the long-term longevity of the application system. According to research, assembly 

of the battery system is made more accessible, and applications last longer with 

membranes with strong mechanical strength.16  
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 It is also critical to take into account the thermal stability of a membrane when 

assessing its performance. Several studies have shown that increasing the 

temperature of the operating application chamber boosts production. For this reason, 

a polymer electrolyte membrane must be very thermally stable, enabling it to 

function safely over a broad range of temperatures. Besides, exceptional chemical 

stability is required for AEM to last longer. These functional requirements may have 

a significant impact on AEMs and their applications. As a result, all of the above-

mentioned approaches must be used to accurately characterize the overall 

performance of AEMs.  
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Samenvatting 

 

Door de toenemende uitputting van grondstoffen als fossiele brandstoffen, zijn de 

energie-omzettings- en opslagtechnieken gebaseerd op anion-

uitwisselingsmembranen (AEMs), zoals waterelektrolyse voor waterstofproductie, 

meer onder de aandacht gekomen. Als cruciaal component van waterelektrolyse op 

basis van anionuitwisselingsmembranen (AEMWE), kunnen AEMs niet voldoen 

aan alle vereisten voor praktische toepassingen door hun lage geleidbaarheid en 

stabiliteit in alkalische omstandigheden. Hoewel een hoge geleidbaarheid kan 

worden bereikt met behulp van ‘microphase seperation morphology’, lijden AEMs 

nog steeds aan degradatie door bijvoorbeeld Hoffman eliminatie onder alkalische 

omstandigheden. Het ontwerpen van AEMs met de gewenste ionentransport-

eigenschappen en hoge alkalische stabiliteit is vandaag de dag nog steeds een grote 

uitdaging. De moleculaire structuur van de kationen en de polemeerstructuur zijn 

verondersteld als de belangrijkste vectoren om stabiliteitsproblemen van AEMs aan 

te pakken. Nieuwe ideeën komen naar voren voor het ontwerp en de synthese van 

membranen met hoge prestaties om te voldoen aan de vereisten van schone 

energieomzetting en energieopslag. Daarom beschrijft dit proefschrift, vanuit het 

perspectief van moleculair structuurontwerp, een reeks kationische polymeren met 

stabiele N-cyclische kationische groepen en crosslinking structuren, met als doel de 

prestaties van AEMs voor waterelektrolysetoepassing te verbeteren. De 

hoofdinhoud van het proefschrift is als volgt:  

In hoofdstuk 2 werden drie soorten gevouwen poly(terfenyleen)-gebaseerde 

AEMs met N-cyclische kationen bereid via gemakkelijke Friedel-Crafts type 

polycondensatie en quaternisatie om de relatie tussen de kationische structuren en 

membraanprestaties te onderzoeken. De sterische hinder van de N-cyclische 
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kationen werd geleidelijk verhoogd van het kleine piperidinium tot het sterisch 

beschermde N-spirocyclische quaternaire ammonium (QA). Het gevouwen 

poly(terfenyleen)-polymeerstructuur bevorderde de zelfassemblage van de 

polymeerketen. Het AEM met piperidiniumgroepen (m-TPNPiQA) vormde een 

‘microphase seperation morphology’, wat leidde tot het hoogste geleidingsvermogen 

van 68.7 mS cm-1 (80 °C). Het relatieve geleidingsvermogen 

(geleidingsvermogen/zwelverhouding) van m-TPNPiQA is hoger dan dat van het 

commerciële membraan (FAA-3-50, Fumatech). Het vergroten van het QA helpt om 

de waterabsorptie en de daarmee gepaard gaande zwelling te beperken, maar heeft 

een negatief effect op de chemische stabiliteit. β-Hofmann eliminatiedegradatie 

werd waargenomen voor alle AEMs na stabiliteitstests door middel van 1H NMR 

analyse. Het m-TPNPiQA vertoont minder dan 6% verlies van ionische capaciteit 

na onderdompeling van het membraan in een 5 M NaOH-oplossing bij 80 °C 

gedurende 240 uur. De resultaten tonen aan dat de membraanprestaties geassocieerd 

zijn met de eigenschappen van de kationische groepen. Een goed presterend AEM 

kan worden bereikt door het ‘graften’ van geschikte kationen op de ether-bond-vrije 

polymeerstructuur.  

Het m-TPNPiQA met een ether-bond vrije polymeerstructuur vertoonde een 

goede alkalische stabiliteit. De matige geleidbaarheid en de gebrekkige 

dimensionele stabiliteit moeten echter verder verbeterd worden. Covalente 

crosslinking is een alternatieve benadering die de dimensionale stabiliteit van AEMs 

kan verbeteren onder behoud van een hoge ionisch geleidbaarheid. Daarom werd in 

hoofdstuk 3 een multication crosslinker, bestaande uit twee piperidinium groepen 

en een flexibele alkylketen, geïntroduceerd om nieuwe gecrosslinkte poly(aryleen 

piperidinium)-gebaseerde (C-IL-x) AEMs te fabriceren. Er werd vastgesteld dat 

multication crosslinkers de vorming van ‘microphase seperation morphologies’ 

konden bevorderen en zeer efficiënte ion-geleidende paden in het membraan konden 

construeren. Vergeleken met de niet-gecrosslinkte AEM (m-TPNPiQA) werden de 
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geleidbaarheid en de dimensionale stabiliteit van de gecrosslinkte C-IL-x AEMs 

gelijktijdig verbeterd. Het hoogste ionengeleidingsvermogen van de gecrosslinkte 

C-IL-100 AEM bereikt tot 95 mS cm-1 bij 80 °C. En de AEMs vertoonden een hoge 

alkalische stabiliteit aangezien de geleidbaarheid van C-IL-100 slechts 2% daalde 

na behandeling met 1 M KOH bij 50 °C gedurende 1200 h, wat aangeeft dat de 

geprepareerde C-IL-x AEMs veelbelovend zijn voor AEMWE-toepassingen.  

De ontwikkeling van hoogwaardige C-IL-x AEMs werd nog steeds belemmerd 

door het compromis tussen ionisch geleidingsvermogen en zwelling voor 

waterelektrolyse. Het ontwerp van AEMs met een macromoleculair-gecrosslinkte 

structuur is een potentiële strategie om bovengenoemd probleem aan te pakken. Zo 

werd in hoofdstuk 4, gedeeltelijk gefunctionaliseerd polystyreen (FPVBC) gebruikt 

als een macromoleculaire crosslinker om te reageren met poly(arylene piperidine) 

(PAP), om uiteindelijk nieuwe gecrosslinkte (C-FPVBC-x) AEMs te fabriceren. De 

gecrosslinkte polymeermembranen met een etherbond-vrije structuur zijn gunstig 

voor het verkrijgen van goede algemene membraanprestaties, waaronder een hoge 

geleidbaarheid en een beperkte zwellingsverhouding. Het C-FPVBC-1.7 membraan 

vertoonde een maximale ionische geleidbaarheid van 40.15 mS cm-1 en een 

diffusiecoëfficiënt van 1.61×10-9 cm2 s-1 bij 30 °C. Bovendien werd een goede 

alkalische stabiliteit bereikt voor het C-FPVBC-1.7 AEM, waar het 

geleidingsvermogen slechts met 7% afnam na alkalische behandeling (1 M KOH, 

50 °C gedurende 1200 h). De resultaten toonden aan dat de macromoleculair 

gecrosslinkte C-FPVBC-x AEMs veelbelovend zijn voor praktische toepassingen in 

AEMWE. 

In eerdere hoofdstukken zijn de eigenschappen van membranen, waaronder niet-

gecrosslinkte m-TPNPiQA AEMs, meervoudig gecrosslinkte C-IL-x AEMs, en 

macromoleculair gecrosslinkte C-FPVBC-x AEMs, uitvoerig gekarakteriseerd en 

besproken. In hoofdstuk 5 hebben we enkele AEMs gekozen om hun prestaties in 

alkalische waterelektrolyse te onderzoeken. De AEMWE op basis van C-IL-100 
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vertoonde een hoge stroomdichtheid van 880 mA cm-2 bij 2.2 V met behulp van 1 

M KOH waterige oplossing als de elektrolyt en op Ni gebaseerde katalysatoren bij 

80 °C, dat hoger is dan AEMWE op basis van C-FPVBC-1.7 (565 mA cm-2) en m-

TPNPiQA (452 mA cm-2). De verhoging van de temperatuur leidt tot een hogere 

mobiliteit van OH− in de AEMs, wat resulteert in een hogere 

waterstofproductiesnelheid voor de AEMWE. Bovendien bevestigde de lage 

weerstand van AEMWE op basis van C-IL-100 dat het multi-kation gecrosslinkte 

AEM het meest veelbelovende materiaal is in vergelijking met de andere twee AEMs. 

Het zwellen van het C-IL-100 AEM heeft echter een negatief effect op de lange 

termijns duurzaamheid van AEMWE. C-FPVBC-1.7 met de macromoleculair-

gecrosslinkte structuur is efficiënt in het beperken van de zwelling van de AEMs en 

behoudt een goede mechanische stabiliteit. De spanning van de op C-FPVBC-1.7 

gebaseerde AEMWE bleef stabiel bij een stroomdichtheid van 100 mA cm-2 bij 

50 °C gedurende 100 h. Daarentegen werd een merkbare toename van de 

celspanning waargenomen voor de op m-TPNPiQA gebaseerde AEMWE bij een 

lagere stroomdichtheid (10 mA cm-2) na 10 h. De studie toonde aan dat de AEMs 

een dominante rol speelden in de prestaties van een waterelektrolyzer. De C-IL-100 

AEM met de hoogste ionische geleidbaarheid en de beste membraanprestaties 

behaalde de beste AEMWE-prestaties. 
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