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The urgent need to tackle the global challenges of climate change and resource 
depletion has made the development of sustainable and efficient energy technologies 
imperative. Fuel cells are one such clean energy solution that holds great promise 
for revolutionizing the way we generate electricity and power our vehicles. The 
advancement of fuel cell technology largely depends on the pivotal role played by 
membranes, particularly anion exchange membranes (AEMs), which have recently 
gained significant attention. Alkaline Anion Exchange Membranes for Fuel Cells: 
From Tailored Materials to Novel Applications is an all-inclusive exploration of the 
science and engineering of AEMs and their crucial role in the fuel cell industry. The 
book delves into the intricate world of AEMs, examining their design, synthesis, 
properties, and applications in detail. It covers fundamental principles as well as the 
most cutting-edge research, providing a roadmap for researchers, engineers, and 
innovators in the field of renewable energy. Notable contributions from esteemed 
academics, industry experts, and government–private research labs worldwide 
make this book an essential tool for university and college faculty members, as well 
as post-doctoral research fellows. Within the upcoming pages, readers will embark 
on an exhilarating journey through the dynamic realm of AEMs. We will explore the 
historical landscape of fuel cells and membrane technologies, observing their evolu-
tion and transformation into viable, sustainable energy solutions. This book unites 
esteemed experts and visionaries who have devoted their careers to unraveling  
the intricacies of AEMs, unlocking their potential for a more environmentally 
friendly future.

Chapter 1 provides both a concise summary and a comprehensive analysis of the 
current state of AEMs. Additionally, the chapter discusses the latest challenges and 
prospects in the field. It offers an overview of the fundamental principles of AEMs, 
including their unique properties, synthesis techniques, performance features, and 
essential design factors. Chapter 2 delves into the rich history and latest develop-
ments in alkaline fuel cell applications utilizing AEMs. This book chapter has been 
inspired by the remarkable progress and research undertaken in the membrane 
field for alkaline fuel cells in recent decades. The focal point of the chapter is pri-
marily centered on the fundamental requirements for AEMs in alkaline fuel cell 
assembly, along with their modifications and methodologies. Chapter 3 covers the 
challenges and procedures for creating AEMs. It assesses and compares different 
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fabrication processes based on factors like cost, durability, scalability, and perfor-
mance targets. Chapter 4 analyzes the various types of polymeric electrolytes that 
can be utilized in alkaline exchange membrane fuel cell (AEMFC), water electrolyz-
ers, and CO2 electrolyzers. The chapter covers the benefits and drawbacks of each 
type of polymeric electrolyte, as well as their chemical composition and properties. 
Furthermore, the chapter delves into the suitability of each type of electrolyte for 
specific applications and how they can affect the performance of the respective elec-
trochemical devices. Chapter  5 explores proton and AEMs, their characteristics, 
investigative techniques, measurements, transport mechanisms, and water man-
agement strategies for proton exchange membrane fuel cell (PEMFC) and 
AEMFC. Chapter 6 covers transportation and conductive mechanisms in AEMs, as 
well as the carbonation process and methods to regulate its effects. Additionally, the 
chapter evaluates the use of electrochemical impedance spectroscopy for monitoring 
ionic conductivity and stability during fuel cell operations. Chapter 7 discusses recent 
approaches to polymer membrane modification using quaternary ammonium (QA) 
cations for improved stability and electrochemical performance. Techniques, 
including tethering alkyl chains and fabricating multi-cation side chains using dif-
ferent quaternization strategies, are also discussed at length. Chapter 8 highlights 
recent applications of guanidinium-based alkaline exchange membranes in energy 
conversion. It enriches the systematic study of AEMs and provides a valuable refer-
ence for the design of new cationic groups. Chapter 9 provides a comprehensive 
and in-depth critical analysis of AEMs that utilize imidazolium and thiazolium 
cations. The chapter discusses various aspects of these membranes, including their 
properties, performance, and potential applications. Chapter 10 covers the grafting 
method and synthesis parameters for optimized AEMs. It discusses radiation-
induced graft copolymerization for anion-exchange membranes and crosslinked 
structures for fuel cells and other applications. The insight toward the pathways 
leading to the degradation of organic and inorganic cationic functionalities, includ-
ing β-hydride elimination, nucleophilic substitution reactions, and ring-opening 
reactions in heterocyclic systems, is discussed in Chapter  11. Chapter  12 confi-
dently asserts the critical role of computational simulations in comprehending the 
underlying mechanisms, optimizing the design, and forecasting the performance of 
AEM systems. Chapter 13 delves into the characteristics and challenges of com-
mercial membranes. Additionally, a comparison between commercial and non-
commercial AEMs is explored in detail, highlighting the obstacles faced by 
commercial AEMs. Furthermore, the current research on non-commercial AEMs 
emphasizes their distinct properties and traits. Chapter  14 discusses the recent 
advancements in preparing membrane electrode assemblies (MEA) for AEMFCs. 
The chapter covers different methods, such as catalyst-coated membrane (CCM) 
and gas diffusion electrode (GDE), to prepare MEAs. Chapter 15 expertly examines 
the multiple applications of AEMs in various cutting-edge technologies, including 
alkaline water electrolyzers, CO2 electrolysis, redox flow batteries, alkali metal–air 
batteries, reverse electrodialysis, electrodialysis, diffusion dialysis, and microbial 
fuel cells. Chapter 16 of this book discusses cutting-edge innovations in crafting 
high-performance AEMs using polymer-based substances. It also explores potential 
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avenues for further research in this area, as well as the endurance of AEMFCs and 
the challenges of designing durable AEMs.

We extend our gratitude to all the contributors who have shared their expertise, as 
well as to the readers who embark on this journey with us. We sincerely thank 
Wiley-VCH GmbH, Germany, for their invaluable support in bringing this book to 
fruition. Our collaborative efforts will explore the exciting realm of alkaline AEMs 
and their potential to transform the energy industry with eco-friendly and renewa-
ble power generation. Step into the future of energy with us.

Thanks to All for the successful completion of this book!
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An Introduction to Polymeric Electrolyte Alkaline 
Anion Exchange Membranes

1.1  Introduction

Currently, the magnitude of energy usage cannot be denied. It is indispensable in 
every aspect of life, and a booming population results in increasing energy demand. 
Recognizing that nonrenewable sources will eventually run out, the value of renew-
able sources cannot be underestimated because they are sourced from unlimited 
sources. The most crucial consideration of renewable sources is their environmental 
impact while using them. The proper use of energy appears to be a major topic these 
days, and one must decide which type of energy should be used, and why it is vital?

The urgent necessity of researching, developing, and commercializing renewable 
energy sources and the technologies accompanying them is universally acknowl-
edged as a prime focus. Time and place are essential components of most renewable 
energy systems. Therefore, it is crucial to build relevant energy conversion and stor-
age devices to capture these unreliable energy sources effectively. The most promi-
nent electrochemical energy storage and energy conversion devices are batteries, 
electrochemical super capacitors, and fuel cells.

Electrolytes are vital components of electrochemical energy storage and conver-
sion devices, and their properties and performance can significantly impact the 
overall efficacy, safety, and longevity of these systems. Although electrolytes have 
been recognized and researched for centuries, their physiological role was not fully 
understood until the late nineteenth and early twentieth centuries [1, 2]. Starting 
from that point, researchers delved deeper into the behavior of electrolytes, focusing 
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on their conductive properties. This led to the creation of innovative electrochemical 
techniques and tools, like the pH meter and the potentiometer. Later on, advance-
ments in materials science and engineering resulted in the development of solid‐ 
state electrolytes with high ion conductivity, which are widely used in batteries, fuel 
cells, and electrochromic devices. Nowadays, there is a growing interest in crafting 
new electrolytes for emerging electrochemical applications, such as energy storage 
and conversion, electrochemical water treatment, sensing, and biosensing.

1.2  Different Types of Electrolytes

Understanding the classification of electrolytes can provide valuable information 
about their behavior and properties in different applications, depending on the  
specific context and purpose. There are various ways to classify electrolytes, such as 
the type of ions they contain, their physical form, and their conductivity [3]. Below 
are some of the most frequently used methods for categorizing electrolytes, 

 ● Based on the origin
 ● The type of ions present
 ● Its physical state
 ● Conductivity measure
 ● The contrast between acidic and alkaline properties

The most popular is the classification based on the physical nature of electrolytes 
(Figure 1.1). During the early 1970s, researchers began exploring the potential of 
solid‐state materials such as ceramic, glass, crystalline, and polymer electrolytes. 
This led to various types of polymer electrolytes with different compositions and 
structures, including solid‐state polymer electrolytes (polymer–salt complex), gel 

Solid

Gaseous

Liquid

Electrolytes -
based on

physical state
Crystalline

Polymer

Amorphous

Polymer-salt
complex

Ionic liquid-
polymer

Composite-
polymer

Gel polymer

Figure 1.1 Classification of electrolytes.
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polymer electrolytes, composite polymer electrolytes, and ionic liquid polymer 
electrolytes.

The solid‐state electrolytes have more advantages than conventional liquid elec-
trolytes. The advantages and disadvantages of solid‐state and conventional liquid‐
state electrolytes are presented in Table 1.1. 

Our focus is on solid‐state electrolytes, specifically polymer electrolytes. A poly-
mer electrolyte is a membrane that has alkali–metal–ion conductivity. It is com-
posed of a polymer matrix as a solvent and solutions of salts that are dissociated 
within the polymer matrix. Polymer electrolyte is a remarkable solid‐state system 
that showcases impressive ionic conduction abilities, making it an ideal choice for a 
wide range of electrochemical devices like rechargeable batteries [4], solid‐state bat-
teries  [5], fuel cells  [6], supercapacitors  [7], electrochemical sensors  [8], electro-
chromic windows, and analog memory devices [3, 9, 10]. 

1.3  Why Polymer Electrolytes Are Important?

Polymer electrolytes have distinct advantages over conventional electrolytes, mak-
ing them essential in many fields and applications. They offer increased safety, espe-
cially in high‐energy applications like lithium‐ion batteries, as they are solid or 
gel‐like, reducing the risk of fire or explosion. Polymer electrolytes also exhibit 
improved chemical and electrochemical stability, which minimizes electrode degra-
dation and corrosion, leading to better device performance and longer lifespan. 
They have a broad electrochemical stability window, which enables operation at 
higher voltages without decomposition, which is critical for high‐voltage batteries 
and supercapacitors. Although their ionic conductivity is lower than that of liquid 
electrolytes, advancements in polymer chemistry have improved conductivity, 
expanding their suitability for diverse applications.

Table 1.1 Advantages and disadvantages of liquid-state and solid-state electrolytes.

Electrolyte Advantages Disadvantages

Liquid Effortless processing Gas solubility is low

Low cost Change on concentration

Ionic conductivity is high Potential window is short

Using different ions Parallel reactions

Interactions with other gases

Solid A wider potential window Complex processing

No parallel reactions Low ionic conductivity

Gas solubilization is not required Expensive

Low external interferences
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Another benefit of polymer electrolytes is their ability to be processed into various 
shapes and forms, such as thin films or membranes, making them versatile for dif-
ferent device configurations and facilitating complex system integration and device 
miniaturization. Additionally, many polymer electrolytes are eco‐friendly and are 
made from sustainable and recyclable materials, providing a greener alternative to 
liquid electrolytes containing hazardous components. Their compatibility with dif-
ferent materials and ability to function in various conditions make them ideal for 
numerous technologies. Some important benefits to using polymer electrolytes in 
comparison to traditional liquid electrolytes are

 ● High ionic conductivity
 ● Solvent‐free
 ● Reduced leakage
 ● Safety
 ● Easy processability
 ● Thin‐film forming ability and transparency
 ● Light‐weight and flexibility

Polymer electrolyte membranes are mainly categorized into two types: anion 
exchange membranes (AEMs) and cation exchange membranes (CEMs). They are 
designed in a way that enables them to selectively transport either anions or cations, 
depending on their characteristics. The two membranes have significant functions in 
different electrochemical devices. The choice of the membrane is determined by the 
system’s unique needs and ion transport goals. In Table 1.2, a comparison between 
AEM and CEM is presented.

The choice between AEMs and CEMs is often driven by the electrochemical device’s 
specific requirements and operating conditions. Although AEMs have advantages, 
like lower cost, the ability to utilize various renewable fuels directly, and higher pH 
operation, CEMs are also beneficial due to their higher proton conductivity and com-
patibility with acidic environments. Choosing between AEMs and CEMs depends on 

Table 1.2 Comparison of anion exchange membranes and cation exchange membranes.

Properties AEM CEM

Ion transport 
selectivity

Selective transport of anions Selective transport of cations

pH operating range Suitable for alkaline 
environments

Suitable for acidic environments

Requirement of the 
catalyst

Non‐precious metal catalysts Precious metal catalysts

Hydration tolerance Excessive hydration can lead to 
swelling and instability, while 
insufficient hydration can hinder 
ion transport

More tolerant to varying water 
content compared to AEMs

Fuel flexibility High Limited
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factors like the required pH range, cost, fuel accessibility, and performance objec-
tives. These two types of membranes are essential in the progress of sustainable 
energy technologies, and their unique features aid in the overall enhancement and 
refinement of electrochemical devices. To reap the full benefits of ion exchange 
membranes in electrochemical applications, it is imperative to have a comprehensive 
comprehension of the pros and cons of AEMs versus CEMs. Thoughtful contempla-
tion is critical. 

1.4  Anion Exchange Membrane (AEM)

AEMs are made up of ion‐conducting polymers that possess functional groups that 
attract and transport anions. Their primary purpose is to facilitate the movement of 
anions, such as hydroxide (OH−) and bicarbonate (HCO3

−), while hindering the 
transfer of cations. The selectively permeable AEMs contain positively charged 
functional groups that facilitate anion transport while preventing cation crossover. 
Various materials are utilized in the production of AEMs, including quaternary 
ammonium ions [11], imidazolium ions [12, 13], guanidinium ions [14–16], phos-
phonium ions  [17], spirocyclic cations  [18], carbocations  [19], ionic liquids  [20], 
multi‐cations  [21, 22], and metal cations  [23], which are all functionalized with 
polymers [24].These remarkable functional groups exhibit the fundamental capa-
bility of ion exchange by attracting and transporting anions across the membrane 
while simultaneously maintaining the balance of the overall charge.

1.4.1 Fundamental Concepts of Anion Exchange Membranes 
as Polymer Electrolytes

Understanding the fundamental concepts underlying AEMs is crucial in grasping 
their significance in polymer electrolyte applications. These specialized membranes 
possess unique characteristics that enable them to function effectively and are criti-
cal in ensuring effective ion conduction. By recognizing their value, we can unlock 
the full potential of polymer electrolyte systems. It is crucial to carefully evaluate 
the membrane’s performance under operational conditions, durability, and cost tar-
gets to ensure the successful commercial development of the AEM as an electrolyte. 
These key factors significantly influence the desired properties and demand careful 
consideration. The membrane is designed to facilitate the transport of anions while 
blocking the flow of cations, gases, and electrons. Choosing the cationic group is 
essential to achieve a high concentration of charges in the membrane and ensure 
sufficient ionic mobility. It is even more critical to select the right cationic group as 
it directly impacts the chemical stability of the membrane in optimal operating con-
ditions. Also, a viable approach is to augment the ionic groups within the mem-
brane to improve ionic conductivity.

However, the high concentration of the cationic group can adversely affect the 
mechanical properties due to excessive water absorption. Therefore, it becomes imper-
ative to implement stringent control measures over the membrane’s morphology to  
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enhance its mechanical attributes. However, when the membrane is too hydrated  
or brittle due to intensive dryness, it will deteriorate the membrane’s mechanical 
properties and have a profoundly negative impact on cell performance. Therefore, 
maintaining the appropriate level of water uptake is crucial for optimal membrane 
performance.

Thus, in a nutshell, for optimal performance of the AEM, the following require-
ments are the desired prerequisites:

 ● High anion conductivity is essential for efficient ion transportation in materials.
 ● Maintain chemical stability to withstand the effects of the electrolyte environ-

ment and avoid degradation.
 ● Strong and stable materials are essential for device longevity and proper function-

ing, maintaining structural integrity and minimizing deterioration.
 ● Need high selectivity for anions to avoid cation crossing.
 ● Function as an absolute barrier to prevent the passage of undesirable particles 

like electrons and gases.
 ● A balance of water uptake and retention is necessary.
 ● Manufacturable using scalable and cost‐effective techniques to ensure their com-

mercial viability.

Thus, to fully maximize the effectiveness of polymer electrolytes in various elec-
trochemical applications, it is crucial to have a solid grasp on the core concepts of 
AEMs. This includes understanding their selective ion transport, ion exchange 
capacity, and water uptake. Through the use of precise and meticulous characteriza-
tion techniques, the researchers were able to confirm these essential parameters.

Several techniques and measurements are employed to evaluate the structural, 
morphological, chemical, and electrochemical properties of AEMs. These charac-
terizations offer valuable insights into the behavior and performance of AEMs, 
facilitating their optimization and comprehension. To identify the AEM’s chemical 
structure, the polymer backbone and functional groups are analyzed through spec-
troscopic techniques like Fourier transform infrared (FTIR) and nuclear magnetic 
resonance (NMR). Furthermore, membrane morphology can be analyzed using 
microscopic techniques such as scanning electron microscopy (SEM) and transmis-
sion electron microscopy (TEM). To evaluate a membrane’s chemical stability over 
time, subjecting them to harsh chemical environments for desired time is necessary. 
Meanwhile, their mechanical strength can be analyzed by measuring parameters 
like tensile strength, Young’s modulus, and elongation at break. To measure the 
thickness of AEMs, techniques such as micrometers or profilometers can be used. 
The swelling behavior of the membrane is related to its dimensional changes upon 
water absorption, which can also be examined by measuring its thickness.

The ion exchange capacity is an important factor that measures the amount of ion 
exchange locations in the AEM material. It is calculated using titration methods, 
wherein the membrane is subjected to a known concentration of an ion, and the 
number of exchanged ions is measured. The determination of membrane conduc-
tivity can be achieved through either electrochemical impedance spectroscopy (EIS) 
or conductivity measurements conducted under controlled conditions. Water uptake  



1.4  Anion Exchange Membrane  AEMM 7

can be evaluated by comparing the weight or volume of the dry membrane to that of 
the fully hydrated membrane.

Currently, computational simulations and machine learning methods are utilized 
to explore the properties and efficiencies of AEM. These techniques aid in propos-
ing novel membrane structures, transport mechanisms, and stability, as well as 
identifying discrepancies and factors that may be challenging to determine through 
experimental results. 

1.4.2 Classification of AEM

Researchers are currently experimenting with new techniques to create membranes 
that meet the basic requirements necessary for their function. As a result, there are 
now numerous types of membrane structures, each classified according to their 
unique morphology [24, 25]. They are

 ● Heterogeneous
 – Ion solvating polymers
 – Hybrid membranes

 ● Interpenetrated polymer networks
 ● Homogeneous

 – Copolymerization of monomers
 – Radiation grafting
 – Chemical modification

A heterogeneous membrane consists of an anion‐exchange material embedded 
within an inert compound. These membranes can be categorized into two types 
based on their composition. The first type comprises ion‐solvating polymers com-
posed of a water‐soluble polymeric matrix containing electronegative heteroatoms, 
hydroxide ions, and plasticizers. This combination results in a material that pos-
sesses the polymeric matrix’s mechanical properties and the hydroxide ions’ electro-
chemical properties. Materials fabricating ion‐solvating polymers include pol yethylene 
oxide (PEO), polyvinyl alcohol (PVA), and chitosan. These polymers exhibit good 
mechanical properties, and their ionic conductivity at contact electrodes tends to be 
low due to their thickness and high electrical resistance. On the other hand, hybrid 
membranes are composed of both organic and inorganic segments. The organic com-
ponents contribute to the electrochemical properties, while the inorganic elements, 
typically silica or siloxane, enhance the mechanical properties. Examples of hybrid 
membranes include combinations of PEO, PVA, and polyphenylene oxide (PPO) with 
silica (SiO2) or titanium dioxide (TiO2). Despite the good mechanical properties of 
incorporating inorganic components, membranes in this category still suffer from the 
nonuniformity issue observed in ion‐solvating polymers. Consequently, their ionic 
conductivity remains similar or even lower.

Interpenetrated polymer network membranes, which belong to another class of 
AEMs, demonstrate higher ionic conductivities compared to heterogeneous mem-
branes. These membranes are created by blending two polymeric materials through 
cross‐linking without promoting the formation of covalent bonds between them. 
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One of the polymers is hydrophobic and possesses excellent chemical, mechanical, 
and thermal properties, while the other polymer acts as an ionic conductor. 
Fabrication of interpenetrated polymer network membranes is simple, and various 
polymers may be employed, making them cost‐effective. The primary focus of 
research on membranes in this category includes materials such as polyethylene, 
PVA, polysulfone, and PPO. These membranes exhibit low electrical resistance, 
high mechanical strength, chemical stability, and durability. However, due to the 
absence of covalent bonds between the constituent materials, the conductive poly-
mer slowly diffuses out of the membrane over time. This leads to gradual decreases 
in conductivity and ion exchange capacity. Homogeneous membranes represent 
another class of AEMs. These membranes are formed using polymers composed of 
a single material modified to possess ion exchange capacity. The modification 
involves covalently attaching cationic functional groups to the polymer backbone, 
creating ionic sites within the membrane along with associated mobile counterions. 
The classification of homogeneous membranes is based on the specific methods 
used for functionalization, including copolymerization, radiation grafting, and 
chemical modification. Detailed discussions on these classifications will be pre-
sented in the forthcoming chapters dedicated to this subject.

1.4.3 Pros and Cons of AEM

Understanding the advantages and disadvantages of AEMs is crucial for enhancing 
their utilization in various electrochemical applications and advancing the develop-
ment of efficient and long‐lasting energy conversion devices. Table 1.3 highlights 
the pros and cons of using AEMs as an electrolyte.

Table 1.3 Pros and cons of anion exchange membranes.

Pros Cons

● High ionic conductivity ● Excessive water uptake can lead to 
swelling and reduced mechanical stability

 ● Precise control over selective ion transport  ● Limited stability at high temperatures

 ● Operate over a broad pH range  ● The diffusion of mobile counterions out 
of the membrane decreased conductivity 
and ion exchange capacity over time

 ● Good resistance to chemical degradation  ● Require periodic cleaning or replacement 
due to the susceptibility to fouling by 
organic and inorganic species

 ● Long‐term stability in aggressive 
environments

 ● Manufacturing complexity and limited 
material options compared to other 
membranes

 ● Exhibit high mechanical strength and 
resilience

 ● Compatible with aqueous electrolytes

 ● Manufactured at a reasonable cost
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Researchers and engineers can make educated judgments about selecting, opti-
mizing, and building AEMs for specific applications by knowing their strengths and 
limits. Addressing the issues with these membranes will result in improved perfor-
mance, longer lifespan, and wider use of AEM‐based systems in the field of energy 
conversion and storage. 

1.4.4 Application of AEM

AEMs are highly adaptable membranes with the unique ability to hinder cations 
while permitting a selective flow of anions. Their versatility makes them indispen-
sable in numerous industries, ranging from energy to water treatment and beyond. 
Their ability to control the movement of ions makes them a crucial tool for many 
vital processes, including separation, purification, and desalination, in addition to 
their role as electrolytes. The following are some of the significant applications 
of AEMs.

1. Electrochemical Energy Conversion: Alkaline fuel cells (AFCs) and alkaline 
water electrolyzers frequently use AEMs, which are electrochemical devices. In 
AFCs, AEMs facilitate the electrochemical reaction by transporting hydroxide 
ions (OH−) from the cathode to the anode. In alkaline water electrolyzers, AEMs 
play a crucial role in separating gases by selectively conducting hydroxide ions.

2. Water Treatment: AEMs are useful in different water treatment methods like 
electrodialysis and electro‐deionization. They serve to eliminate undesired ani-
ons, specifically nitrates, sulfates, and chlorides, from water sources, which is 
beneficial for both water purification and desalination.

3. Electrodialysis: AEMs have the vital function of letting only anions pass 
through the membrane while preventing the migration of cations in electrodi-
alysis. This crucial process facilitates separating and eliminating undesired ions 
from a solution.

4. Electrochemical Sensors: AEMs can be integrated with ion‐selective elec-
trodes to identify specific anions present in solutions. These AEM‐based sensors 
are extensively used for environmental monitoring, water quality analysis, and 
industrial process control.

5. Chlor‐alkali Industry: The chlor‐alkali industry is responsible for producing 
chlorine gas (Cl2), sodium hydroxide (NaOH), and hydrogen gas (H2) via the 
electrolysis of saltwater. AEMs are utilized as ion exchange membranes in the 
electrolytic cells to facilitate this process. These membranes permit the migra-
tion of chloride ions (Cl−) and hydroxide ions (OH−) while preventing the pas-
sage of sodium ions (Na+), which guarantees the desired separation of products.

The most significant application of AEMs is prominently displayed in the dia-
grammatical representation of Figure 1.2. AEMs find extensive usage in fuel cell 
applications, specifically in AFCs. The primary area of research for AEMs is cen-
tered on fuel cells, aiming to improve their performance, stability, selectivity, and 
cost‐effectiveness.
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1.5  AEMs in Fuel Cells

A fuel cell is an energy conversion device that directly converts the fuel’s chemical 
energy into electrical energy by chemically reacting a fuel with an oxidant, usually 
oxygen from the air. Although the origins of the fuel cell invention are uncertain, 
two notable individuals are associated with its discovery. Christian Friedrich 
Schönbein’s work on the concept was published in the January 1839 issue of 
Philosophical Magazine, according to the United States Department of Energy. 
Meanwhile, Sir William Grove developed the fuel cell and published his findings in 
the February 1839 issue of the same magazine, as noted by Grimes. Fuel cell tech-
nology has grown substantially since its discovery in the nineteenth century. 
Through the years, researchers and engineers have made significant strides in 
enhancing fuel cells’ efficiency, durability, and practicality. This progress results in 
the emergence of diverse fuel cell types, each with its distinct features and uses.

The fundamental design of a fuel cell involves an electrolyte layer that separates 
two electrodes –  the anode and the cathode. The electrolyte facilitates the move-
ment of ions while simultaneously preventing any mixing of the fuel and oxidant 
gases. In the early stages, AFCs utilize a liquid electrolyte solution containing potas-
sium hydroxide (KOH), as it is the most conductive among alkaline hydroxides. 
Compared to other fuel cells, these AFCs have certain benefits. They are easier to 
manage as they operate at a relatively lower temperature, have electrodes made of 
inexpensive metals, and exhibit higher reaction kinetics at the electrodes compared 
to acidic conditions. However, the sensitivity of the KOH solution to CO2 limits the 
AFC’s use of liquid electrolytes. Optimal operation requires low CO2 concentrations 
in the oxidant stream. If oxygen is replaced with air, the hydroxyl ions may react 
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Figure 1.2 Important application of anion exchange membranes.
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with CO2 present in the air, leading to the formation of K2CO3. This leads to the 
precipitation of K2CO3 crystals and reduces the availability of hydroxyl ions, leading 
to decreased efficiency. Incorporating solid electrolytes in proton fuel cells (PFCs) 
has paved the way for anion‐conducting polymer electrolyte membranes to be inte-
grated into AFCs. This move effectively resolves most issues caused by liquid elec-
trolytes, giving rise to a new subfield of AFCs – the anion exchange membrane fuel 
cell (AEMFC) – and leading to unprecedented growth in the industry. Using a mem-
brane instead of a liquid electrolyte has several advantages. One significant benefit 
is eliminating the adverse effects of CO2, which reduces electrode weeping and cor-
rosion. Other membrane benefits include leak‐proof properties, volumetric stability, 
solvent‐free conditions, and easy handling. Additionally, the size and weight of the 
fuel cell are reduced, which expands its potential uses. Thus, AEM is used in an AFC 
to enhance efficiency and lifespan by slowing down performance degradation over 
time. It is essential to continue researching and developing AEMs to advance fuel 
cell technology and facilitate its widespread use as a reliable and eco‐friendly energy 
conversion solution. Although AEM fuel cells have potential advantages and com-
mercial significance, they are still in their early stages of commercialization and 
have not yet been widely deployed compared to other fuel cell types, such as proton 
exchange membrane fuel cells (PEMFCs). Nevertheless, there has been growing 
interest and research in AEM fuel cells.

The demand for clean and sustainable energy solutions is rising, and AEMFCs are 
gaining commercial significance due to their advantages over other types of fuel 
cells. AEMFCs use a polymer membrane that is more resistant to degradation, 
reducing maintenance and replacement costs. They also use low‐cost materials, 
such as non‐precious metal catalysts, making them more cost‐effective than other 
fuel cell types. AEMFCs offer fuel flexibility, allowing for the use of various fuels, 
making them adaptable to different energy sources, and enabling the utilization of 
existing infrastructure and fuel distribution networks. They have shown promising 
efficiency levels, potentially converting more fuel energy into usable electrical 
energy, leading to improved overall energy conversion. Additionally, the polymer 
membrane used in AEMFCs allows for efficient control of water transport, prevent-
ing flooding and facilitating better performance under varying operating conditions. 
They produce clean electricity without the combustion of hydrocarbon fuels, result-
ing in lower greenhouse gas emissions and improved air quality. 

1.6  Conclusion and Outlook

AEMs as the polymer electrolyte have garnered much attention in electrochemical 
devices such as fuel cells, batteries, and electrolyzers. AEMs possess unique proper-
ties that make them well‐suited for various energy conversion and storage applica-
tions. Their primary function is to conduct negatively charged ions or anions while 
impeding the transport of positively charged ions or cations. This selective ion 
transport is achieved through positive charges or functional groups embedded in 
the polymer matrix of the membrane. These polymers have excellent mechanical 
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strength, chemical stability, and suitable conductivity for hydroxide (OH−). The 
OH− conductivity is a crucial characteristic of AEMs, enabling efficient anion trans-
port in alkaline environments. Due to their cost‐effectiveness, durability, and fuel 
flexibility, they are highly valued and widely used in commercial settings.

AEM has a broad range of applications. For instance, AEM‐based AFCs have 
shown improved tolerance to carbon monoxide poisoning, enhanced catalyst kinet-
ics, and reduced reliance on expensive platinum catalysts. Compared to other fuel 
cell types, AEMFCs have these benefits, making them a commercially significant 
option for clean energy generation in various industries. Additionally, AEMs are 
widely used in alkaline water electrolyzers, which split water into hydrogen and 
oxygen using electricity.

One of the significant advantages of AEMs as polymer electrolytes is their ability 
to operate at low temperatures. Unlike proton exchange membranes (PEMs), which 
require high operating temperatures, AEMs can function effectively at room tem-
perature or even lower. This feature offers opportunities for developing energy con-
version devices that are more cost‐effective, efficient, and durable. Moreover, AEMs 
have environmental benefits, making them a desirable and viable option for 
the future.

Despite holding great promise in various electrochemical applications, AEMs face 
challenges such as alkaline stability, ion transport, water management, mechanical 
stability, and catalyst compatibility. These challenges need to be addressed for wide-
spread adoption. However, with continued research and development, AEM‐based 
devices have the potential to contribute significantly to a cleaner and more sustain-
able energy future.
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2.1  Introduction

The current growing concern of greenhouse emissions and limited availability of 
fossil fuels draws the attention to develop alternative sources of energy for the sus-
tainable growth of our society. Among the various ways to solve energy issues, fuel 
cells have been considered as one of the most promising environment-friendly solu-
tions of the twenty-first century. It is a clean and efficient power generation technol-
ogy that enables the direct transformation of chemical energy into electrical 
energy [1]. Therefore, numerous efforts have been made to mature this technology 
from the laboratory to real applications. Nowadays, five major types of fuel cells are 
distinguished by the type of electrolyte: alkaline fuel cells (AFCs), proton-exchange 
membrane fuel cells (PEMFCs), phosphoric acid fuel cells (PACFs), solid oxide fuel 
cells (SOFCs), and molten carbonate fuel cells (MCFCs). The AFC (using aqueous 
potassium hydroxide [KOH] as electrolyte) was the first type to be put into practical 
service, at the start of the twentieth century, but the development of solid anion-
exchange membrane (AEM) as an alternative to liquid KOH solution as electrolyte 
paved the way for the renewed interest in AFC applications. These solid AEMs are 
also called alkaline-exchange membrane when they are particularly used in AFCs.

This chapter presents an outline of the history and recent advancements in the 
area of AEMs used for AFC applications. The inspiration for this book chapter came 
from the copious research and countless growths in the membrane field for AFCs 
during the last few decades. Primary attention is paid to the requirements for AEM 
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in the AFC assembly, their fundamentals, modifications, and methodologies. It is 
necessary to discuss the various types of AEMs, their mechanisms of anion trans-
port; and its effect on electrochemical as well as physicochemical properties, and 
the methods that were used to fulfill the requirement of efficient AEMs for fuel cell 
application. Lastly, a summary is given where technical difficulties are defined, and 
the remaining technical challenges and future directions are highlighted.

2.2  Fuel Cell: Conventional Versus Modern Approach

The AFC is an electrochemical device in which the fuel (usually hydrogen) reacts at 
the anode side and oxygen from air reacts at the cathode side to produce electricity 
and heat. The universal components of fuel cells are cathode, anode, and electrolyte 
(liquid or solid electrolyte). The fuel cell is one of the oldest energy conversion tech-
nologies which originated alongside with the concept of electrolysis in the early 
1800s (Table  2.1). A German scientist, named Christian Friedrich Schoenbein 
(January 1839), first described the fuel cell concept, but the exact inventor is not 
known clearly [4, 5]. Just after the Schoenbein, Sir William Grove (February 1839) 
published a similar report about fuel cell in the Philosophical Magazine. The idea of 
fuel cell originated from Sir William Grove during his research on electrolysis. 
Hydrogen and oxygen can be generated from water molecules if electricity is sup-
plied to electrodes, then the electricity certainly can be created by the invert 
response. Afterward, the first practical fuel cell device was developed (1811–1896) 
which was adopted by the US Navy and the British Royal Navy [4]. Thereafter, a 
mixture of hydrogen and oxygen was the primary fuel, utilized within the fuel cell 
framework created by William Grove to produce electricity. Then Francis Thomas 
Bacon (1904–1992) introduced a type of fuel cell that was built with anode (sintered 
nickel)/cathodes (lithiated nickel oxide) and KOH electrolyte. The system of 5 kW 
showed significant performance. Bacon first introduced the AFC design using KOH 
solution as an electrolyte. KOH is used as an electrolyte for AFCs due to its higher 
solubility and ionic conductivity than rest of the electrolytes such as sodium hydrox-
ide (NaOH) and potassium carbonate (K2CO3). After the discovery, many designs 
and modifications have been developed for various applications.

Conventional AFCs offer several advantages, e.g. easy handling, low operating 
temperature range, higher electrodes reaction, and high electrical efficiency, than 
other types of fuel cells (Figure 2.1). However, the use of liquid electrolytes became 
the main drawback. The liquid electrolyte here, KOH, is very sensitive toward CO2. 
When air is used at the cathode side, the generated OH− ions may react with CO2 
present in the air to form K2CO3. The K2CO3 precipitation affects the composition of 
the electrolytes and decreases the number of OH− ions for anodic reaction. The 
precipitation also resulted in a reduction in ionic conductivity and overall the cell 
performance. Additionally, the lack or excess of liquid electrolytes also leads to elec-
trode drying or flooding. Therefore, the low CO2 concentration in the feed stream or 
the presence of pure oxygen is essential for the best cell performance; however, this 
may increase the overall cost.
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Due to the aforementioned disadvantages of a liquid electrolyte, some efforts have 
been made by using solid electrolyte as AEM. Cheng et al.  [6] who worked with 
PEMFCs depicted the possibility of utilizing a strong polymer electrolyte over a 
fluid electrolyte. Since then, the investigation has focused on the promising advance-
ment of AEM-based AFCs over PEMFCs such as enhanced electrochemical kinetics 
of oxygen reduction reaction and the use of inexpensive non-platinum electrocata-
lysts. The most important advantage of using a membrane instead of a liquid elec-
trolyte is, as mentioned, elimination of the negative effects of CO2. The conducting 
species is now in a fixed solid polymer; therefore, there will be some carbonates due 
to the reaction of the −OH with CO2. Furthermore, no liquid caustic is present; 
hence, electrode weeping and corrosion are minimized. Additional benefits include 
leakproofness, volumetric stability, solvent-free conditions, and easy handling.  

Table 2.1  AFCs outline of chronicled advancement and accomplishment of AEMs and fuel 
cell areas including AFCs.

Year Progress

1800 W. Nicolas et al. explained the electrolysis of water

1839 C. F. Schönbein et al. reported the concept of fuel cell

1842 William Grove invented first fuel cell consisting of a gas voltaic battery prototype

1889 Charles Langer and Ludwig mond introduced fuel cell; advanced Grove’s 
invention

1890 Ostwald discovered first IEM (cation- or anion-exchange membranes)

1893 F. W. Ostwald defined theoretical fuel cells performance

1896 W. Jacquse developed first fuel cell

1911 Donnan described the existence of boundary and “Donnan exclusion potential”

1925 Synthesis of ion-exchange membrane for the first time

1932 F. T. Bacon developed the AFC

1940 First industrial implementation of electro-membrane

1947 Oganes Davtyan developed fuel cell prototype which oxidizes in the presence of 
carbon monoxide with oxygen to form air at 700 °C and can run for several days

1959 A farm tractor was the first electric vehicle powered by an AFC

1960 The NASA Gemini and Apollo space programs started using KOH-based AFC 
systems

1970 Oil crises, and advanced additional potent AFC for NASA’s space shuttle Orbiter, 
IFC, Windsor Connecticut

1970 Fuel cell developed by Siemens for submarines and German submarine industry

2000 The world’s first alkaline-fuel-cell based ship, the Hydra, used an AFC system

>2000 Improvement of new AEMs with enhanced selectivity, lower electrical resistance, 
improved properties

2018 GenCell, commercial system

Source: Xu [2] and Cheng et al. [3].
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The size and weight of the fuel cell are reduced which widens the domain of appli-
cation. The main idea behind employing an AEM in an AFC is to improve the AFC’s 
efficiency and life (slow down performance degradation with time).

2.3  Role of AEM in Fuel Cell Technology

Despite AFCs’ early success, interest in this technology was dropped initially due to 
economic factors, material problems, and certain inadequacies in the operation of 
electrochemical devices. But the use of AEMs has drawn some potential in this 
direction. The research on AEMs for AFCs is encouraged by the fact that anion sys-
tems are capable to improve the efficiency of the current outcomes. AEMs have the 
potential to solve the problem of the upcoming energy crisis. AEMs are typically 
thin polymeric films containing cationic fixed charged groups which are ionizable 
in water [2]. Hence, covalently attached cationic fixed charge sites allow the oppo-
sitely charged ions to pass through them in the presence of an electric field [7]. The 
concept of AEM in AFCs came with drastic modifications in the field of fuel cell as 
well as in the membrane field when the basic structure of fuel cell is proposed with 
the integration of membrane to replace liquid electrolyte. This turn also made an 
impressive growth in the number of publications related to AEMs or AFCs over the 
past few decades (Figure  2.2). The increased number of publications in the past 
decades indicates the growing interest in the area of fuel cell technology. In an 
upgraded strategy of a fuel cell, a polymeric membrane is placed between the cath-
ode and anode electrodes, and also provides a conductive path between two elec-
trodes for oxidation and reduction reaction of hydrogen and oxygen, respectively.  
A broad range of liquid/solid fuels may be used in AFC setup (e.g. hydrogen, hydra-
zine, methanol, ethanol, ethylene glycol, glycerol, borohydride, ammonia, dimethyl 
ether, potassium formate, 2-propanol), but hydrogen, methanol, ethanol are being 
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used as primary fuels in recent years. This combined system is popularly known as 
membrane electrode assembly (MEA). The main advantage of using MEA is the 
replacement of liquid electrolyte and the elimination of CO2 poisoning because the 
conducting species is a fixed solid polymer. This solid polymeric membrane is 
known as an AEM.

AEMs are polymer electrolytes in which cationic functional sites are incorporated 
into the polymeric chain by chemical means. In AEMs, the fixed functional sites 
allow the hydroxide ion (counter-ion) move across it and block cations (co-ion) in 
the presence of an electric field  [2]. Conventionally, different cationic functional 
groups have been integrated into the polymer matrix which acts as an anion-
exchange counterpart. Irrespective of AEMs, AEMs (a similar concept with anions 
different than hydroxide ions) are widely used in electrochemical devices including 
AFC technology [2, 3], redox flow batteries [8, 9], water treatment such as water 
electrolysis [10, 11], electrodialysis (ED) [12], reverse ED [13, 14], diffusion dialy-
sis [15, 16], and many other applications [17–20].

The chemical and thermal stability of AEM are very important criteria in the 
design and synthesis of membranes for fuel cell application. The characterization 
of an AEM is intimately related to two parameters, namely the polymer matrix and 
the nature and concentration of the cationic charges. Parameters of the polymer 
matrix determine mechanical and thermal, stability, while parameters related to 
the ionic groups determine anion-exchange capacity, transport number, and ionic 
conductivity. The main concern for anion AEM is that it relies on OH− ion, a rela-
tively strong base and nucleophile, for conductivity. With the use of a stable poly-
mer backbone, the stability and degradation of AEMs then rest chiefly on the 
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cation stability. The chemical stability is determined by both the polymer matrix 
and especially the cationic groups.

2.4  Preparation of AEMs

Several methods have been applied to fabricate AEMs including heterogeneous 
membranes (ion-solvating polymers, and organic–inorganic membranes), interpen-
etrating polymer networks (IPNs), and homogeneous membranes [5]. Heterogeneous 
membranes are good in terms of mechanical strength, but such kinds of membranes 
are usually thick and uneven with different concentrations of exchangeable ionic 
groups, which leads to non-uniform transport of anions and poor electrochemical 
performance. In the direction of hybrid membranes (organic–inorganic), improve-
ments are further needed in terms of a better hold over the reaction parameters and 
the precursors that are required to affix [21]. Furthermore, IPNs are comparatively 
easy to fabricate using a variety of polymers. Additionally, these membranes show 
excellent chemical stability, high mechanical strength, high electrical conductivity 
(due to the presence of polyelectrolyte), long life (due to the stable polymer back-
bone), and are inexpensive  [22]. But polyelectrolyte slowly diffuses out from the 
membrane which gradually decreases the ion-exchange sites as well as the conduc-
tivity of the membrane. Therefore, IPNs are better than heterogeneous membranes, 
but still remain unsatisfactory to fulfill the requirements of AFC applications [23].

To overcome the aforementioned difficulties, a new class of membranes was 
introduced which probably encountered the previously introduced membrane. 
Homogeneous membranes are made of polymer materials and fixed charge groups 
attached to their polymeric chain and homogeneously distributed over it. They can 
be synthesized by polymerization or polycondensation, radiation-induced grafting, 
or chemical grafting methods [24–26]. But homogeneous membranes are the most 
widely adopted technique for further development of membranes for AFCs. The 
most successful AEM was synthesized by copolymerization of chloromethylstyrene 
and divinyl benzene, but, regrettably, limited availability of chloromethyl styrene 
and divinyl benzene use increases the cost extensively [5, 27]. However, the success 
of such membranes at a larger stage is restricted. Here, quaternary ammonium 
groups were familiarized by chloromethylation of aryl carbon or bromination to 
benzyl carbon after amination (Figure  2.3). Typically, AEM synthesis with this 
method is a two-step process for the introduction of the cationic functional sites  
(i) chloromethylation or bromination followed by (ii) quaternization of chloro- or 
bromo-substituent [28]. Generally, the route of chloromethylation is achieved by 
chloromethyl methyl ether (CMME), because chloromethylation reaction kinetics 
using CMME is very fast but CMME has been banned due to its toxicity, carcino-
genicity, and harm to human beings [29]. To avoid CMME, other chemicals such as 
chloromethyloctylether are used for chloromethylation [30]. Additionally bromi-
nation is a good alternative to chloromethylation. Except chloromethylation, bro-
mination is another method where liquid bromine (Br2) or N-bromosuccinamide is 
generally used as a brominating agent. Bromination is a fast method as compared 
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to chloromethylation because it follows a radical mechanism. Regardless of the 
rapid method, radical bromination is restricted to certain polymers, e.g. PPO and 
PEEK, because radical reaction required the presence of benzyl carbon in the poly-
mer chain to react [31].

2.5  Challenges in Existing AEMs

An ideal AEM requires high hydroxide conductivity, high ion-exchange capacity 
(IEC), good anion stability, optimum water uptake, swelling ratio, thermo- 
mechanical stability, and good performance at long-term operation under optimum 
temperature range. Compatibility between all the properties for an ideal AEM is 
difficult to maintain practically. If the IEC is high, conductivity will be high because 
conductivity depends on the cationic functional sites affixed in the polymer matrix, 
but this may lead to dimensional or thermo-mechanical instability. Additionally, 
water uptake and swelling ratio also rises after a certain limit of quaternization. 
Beyond a certain limit of functionalization, polymer suffers degradation which 
leads to inadequate performance. Many factors are responsible to influence the 
physicochemical and electrochemical properties of AEMs. Besides this, type of pol-
ymer and associated cationic functional groups attached in the polymer back-
bone  [32, 33] also influence the overall properties of the AEMs (Table  2.2). It is 
required to engineer a well-designed polymer architecture that fulfills most of the 
desired requirements and a balance between physico-chemical and electro- 

chemical properties.
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Figure 2.3  The general reaction steps for the preparation of homogeneous AEM where a 
polymer chain is transformed into a polymeric AEM with quaternary functional site after 
chloromethylation or bromination. 
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2.6  Recent Advancement

As mentioned in Section 2.5, an ideal AEM requires a good compatibility between 
the physico-chemical and electro-chemical properties. Additionally, a good sustain-
able AEM for AFC operation mainly demands high hydroxide conductivity with 
good anion stability for the long-term operation of AFC assembly. As the AEM 
started to use in AFCs, a lot of research and development in terms of membrane 
performance has taken place over the last 30 years. Noteworthy progress has been 
made in developing AEMs to improve AFC performance, but it should be noted that 
the AEMs are still facing a variety of challenges, including hydroxide-ion conductiv-
ity, membrane stability (mechanical, chemical, and thermal stability), constant high 
performance, and low cost. Overall, streamlined design approaches are required to 
fabricate AEMs to avoid incompatibility of physicochemical and electrochemical 
properties along with long-term performance. To avoid such problems, nowadays a 
variety of schemes have been conceived to conquer these issues, e.g. crosslink-
ing  [34–37], microphase separation  [38], and organic–inorganic composites  [4]. 
Cross-linking is a very useful route to develop mechanically stable membranes. 
Usually, high cross-linking leads to a decrease in IEC but increases mechanical sta-
bility. A moderate crosslinking was utilized in creating a breakthrough AEM with-
out the major impact on other properties.

Moreover, cross-linking can restrict the swelling of the membrane up to a limit 
and provides good chemical stability. The cross-linked polymer creates a network 
that reduces the free space between the polymer chains and therefore makes addi-
tional access of OH− ions to the labile cations. Ma et al. [39] prepared a series of 
novel AEMs modified with bulky rigid β-cyclo-dextrin and long flexible multiple 
quaternary ammonium which showed higher tensile strength (29.3 MPa), without 
sacrificing its hydroxide conductivity, than the unmodified membrane (16.7 MPa).

The idea of microphase separation has contributed to remarkable development in 
AEM overall performance in recent time. In microphase separation, hydrophilic 
(cationic polymer) and hydrophobic (polymer backbone) segments are generated. 
This type of architecture generates an area where water molecules can be captivated 
locally to enhance the OH− ion conductivity. Even though the microphase separation 

Table 2.2  A range of polymer and cationic functional groups used in preparation of AEMs

Polymer Cationic functional groups

Poly (ether ketone), poly(phenylene oxide), 
poly(ether sulphone), polysulfone, 
poly(ether ether ketone), polyphenyene, 
polyvinyl difluoride, poly(aryl 
piperidinium), polybenzimidazole, 
poly(tetrafluoroethylene), polyethylene, 
polynorbornene, polyimide, 
polyphosphazene, poly vinyl alcohol, etc.

Quaternary ammonium, guanidinium, 
imidazolium, phosphonium, piperidinium, 
1,4-diazabicyclo[2.2.2]octane, N,N,N,N-
tetramethylethylenediamine (TMEDA), 
1-azabicyclo[2.2.2]octane, ruthenium, 
cobaltocenium, benzimidazole, sulfonium, 
spirocyclic groups, etc.
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enhances hydroxide conductivity of particular membrane and adjusts their dimen-
sional stability, IEC remains almost the same [40, 41]. Mainly four types of architec-
ture can be introduced to develop microphase separation in AEMs including, block 
polymer, graft polymer, clustered polymer, and comb-shaped polymer. Despite the 
numerous useful AEMs performances along with microphase separation, there is no 
proof of causality between this approach and AFC durability or peak power density. 
Creating a composite (organic–inorganic) membrane by incorporating nanoparticles 
or layered double hydroxide as filler in AEMs signifies another approach for improv-
ing its mechanical properties. Due to insufficient mobile molecules, the overall per-
formance of fuel cells related to this technique, it has now no longer garnered 
noteworthy attention.

Besides the above methods, many other changes have also been explored to make 
an efficient AEM for AFC performance. A variety of cross-linkers, different or mul-
tiple cationic functional groups and their influence, blending of polymers, tuning 
backbone and side-chain, steric hindrance effect, surface modification, effect of 
degree of cross-linking, integration of pristine, or functionalized nanoparticles are 
seen [42–46]. Table 2.3 shows the properties of various AEMs synthesized recently 
and their performance in AFCs.

2.7  Major Challenges

Even though AEMs offer many advantages in the AFC system over conventional 
liquid electrolyte system a few challenges still need to be addressed (Table 2.4). As 
AEMs become the most crucial component of MEA in AFCs, it is necessary to 
develop high-performance, stable, and inexpensive production methods. Most of 
the techniques suffer few limitations such as relatively low anion-exchange capacity 
and poor conductivity besides compromising the mechanical and thermal proper-
ties of the synthesized membranes. The poor stability of the ammonium employed 
leads to a decrease in the ionic conductivity and a loss of efficiency in the system.  
A lot of research are being done to develop an efficient AEM for AFCs. A membrane 
with high conductivity and long-term anion stability is highly required for the AFC 
applications. The OH− conductivity depends on the membrane thickness and IEC 
value of functionalized cationic groups. However, a trade-off with mechanical sta-
bility owing to the high swelling in presence of more functional groups is a chal-
lenge. Additionally, AEMs are vulnerable to hydroxide ion attack and undergo rapid 
polymer or functional group degradation via Hofman elimination, nucleophilic 
substitution, etc. The hydroxide attack in membrane architecture drops the conduc-
tivity as well as overall performance. High temperature and harsh alkali pH condi-
tions promote the faster degradation of quaternary ammonium through Hofmann 
elimination, E1 elimination reaction, or via nucleophilic substitution [5]. The AEM 
stability against alkali attack is a crucial property to promising long run and consist-
ent AFCs process. The stability is frequently checked by measuring the change in 
different physico-chemical properties including IEC treating AEM in a harsh alkali 
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solution (usually 2–4 mol l−1 aqueous KOH) at high temperatures (65–85 °C). After 
drop in conductivity, IEC represents the degradation of cationic groups and mechan-
ical property degradation shows the possibility of polymer chain scission.

Inhibition of SN2 reactions by introducing a long spacer chain between the nitro-
gen atom of the cationic site and the benzene ring of the main polymer chain is 
reported. Besides, alkylene spacers longer than propylene were also found to make 
the membrane less susceptible to OH− attack. Hofmann elimination can be avoided 
by the use of diazabicyclo-octane (DABCO) as the quaternization regent [51, 52].

Different polymer backbone structure can also have a significant influence on the 
anion stability and plays a crucial role in determining the membrane’s mechanical 
strength and chemical stability. It is interesting to note that different polymer back-
bones with the same cationic functional group show different behavior in alkali. 
Similarly, different cationic groups in the same polymer backbone display different 
outcomes in anion stability, even though noteworthy progress in developing AEMs 
with improved performances has been achieved.

Researchers in this field are still facing challenges including trade-off between 
membrane stability and conductivity as well as cost. Great efforts have been made in 
recent years to overcome these issues. Crosslinking, microphase separation (to 
increase ionic conductivity and adjust their dimensional stability), and organic– 
inorganic composites (alter the mechanical stability) are a few of them. Additionally, 
to improve the anion stability, different approaches such as novel membrane archi-
tecture, stable cationic sites, polymer backbone modification, morphological 
changes, steric hindrance effect, electronic effect and fixing non-organic cations in 
polymer matrix, and so on have been implemented in the laboratory scale. Despite 
this, a variety of novel cationic groups were explored to accomplish comprehensive 
avoidance of decomposition [28]. Although numerous polymer backbones have been 
explored for AEMs, majority of them possessed limited overall performance espe-
cially aryl-ether-polymer-based AEMs because they are susceptible to chain cleavage 
as well as subsequent mechanical degradation. A remarkable improvement in 

Table 2.4  Advantages and disadvantages of AEM based AFCs.

Advantages Disadvantages

1. Solid-state electrolyte 1. Average hydroxide conductivities

2. Better CO2 tolerance 2. Thin membrane fabrication (~10 mm)

3. Decreased gas crossover 3. Low conductivity at low humidity

4. Increased efficiency 4. Long-term durability

5. No flooding and weeping of electrolyte 5. Embrittlement if stored in dry conditions 
after activation in 1.0 mol l−1 KOH

6. Easier to handle 6. Mechanical/chemical stability of AEM

7. Relatively low operating temperature 7. Membrane degradation

8. Very less carbonate precipitation
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chemical stability has been made recently with the development of any ether-free 
polymers and highly durable cationic groups [59].

The real-life application of fuel cells turns around their consistency coupled with 
their longevity, and it is very important for industrial/customer acceptance. The fuel 
cell industry requires a scheme to improve the operational tolerance for customer 
acceptance. There is still a break between existing fuel cell development and the 
customer requirements.

2.8  Commercially Available AEMs

Globally, there are many companies which are providing commercially available 
ion-exchange membranes including AEMs (Table  2.5). Low-cost polymer back-
bones such as PEEK, PPO, and polysulfone have been explored for AEMs develop-
ment in the laboratory and industrial scale. Many of the commercially available 
membranes present in the market are dedicated to the chloralkali industry, desali-
nation plants, or electrolyzer applications, and very few of them are designed espe-
cially for AFC application. In addition, many other research groups are also 
developing various high-quality advanced AEM structures. Currently, the commer-
cially available AEMs that are being tested for AFCs are having good physico-chemical 
and electrochemical properties, but most of them are expensive. Most of the avail-
able commercial AEMs are supplied on a reinforcing material that not only provide 
additional mechanical strength, but also help in transportation. FuMA-Tech, Xergy, 
Orion (Orion™), DiOxide Materials (Sustainion®), Asahi Chemical Industry Co, etc. 
are few companies that are successfully working in the field of membrane production. 

Table 2.5  Commercially available AEMs for fuel cell applications.

Country Company AEMs

Canada Ionomr AFN-HNN8-25-X, AFN-HNN8-50-X, etc.

Czech 
Republic

MEGA Ralex AMH-5E, Ralex MH-PES

USA Xergy Xion Durion™, Pention™

DiOxide Materials Sustainion®

Orion Orion™

China Tianwei TWEDG, TWDDG, TWAEDI, TWANS, etc.

Japan Asahi Glass Industry Co. Selemion AMV, Selemion DSV, Selemion 
ASV, etc.

Asahi Chemical Industry 
Co.

Aciplex A-501-SB, Aciplex A221, Aciplex 
A-192, etc.

Germany FuMA-Tech FAS, FAA, FAN, FAB, FAD, etc.

Source: Adapted from Ferriday and Middleton [59].
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The Pention AEM (Xergy Inc.), depending on the thickness and crosslinking degree, 
has demonstrated up to 3.37 W cm−2 power density in AFCs with excellent durability 
and lifetime. For AFCs, a UK-based company AFC Energy is also developing AFC 
technology based on AEMs.

2.9  Current Scenario and Future Market

The development pathway over 220 years ago started with Sir William Grove 
through Francis Bacon’s power plant to the fuel-cell-powered tractor to the Space 
Race to electric vehicles. The AFC was the first fuel cell technology that was used in 
practical application and make the generation of electricity from hydrogen feasible. 
Starting with applications in space missions to submarines, the anion cell offered 
the most effective solution for high-energy conversion efficiency with no moving 
parts and high reliability [60]. AFCs were used as the basis for the first experiments 
with vehicular applications of fuel cells [61], starting with a farm tractor in the late 
1950s equipped with an Allis Chalmers AFC. In 1959, a farm tractor, the first elec-
tric vehicle powered by an AFC, was invented. However, despite early success of 
AFC technology in space missions, submarines, and automotive vehicles, AFCs 
have fallen out of favor with researchers and were obscured by the quick growth of 
the PEMFC as the latter technology opts for vehicular applications. However, the 
limitation related to PEMFCs directed researchers’ interest to the development of 
AFCs. AEM-integrated AFC is one of the most established and cheaply available 
fuel cell technologies that have more than 60% operational efficiencies. The growth 
of the AFC market is primarily driven by its advantages such as quick start even at 
extremely low temperatures, increased conductivity, better fuel efficiency, and 
cheaply available electrodes as compared to other fuel cells. Some of the major com-
panies in the AFC market are Fuel Cell Energy, AFC Energy Plc Bloom Energy, 
Ballard Power Systems Inc., and Toshiba. To date, few companies are supplying  
AFC solutions including GenCell Energy from Israel and the UK-based company 
AFC Energy. Four years ago in 2018, GenCell Energy demonstrated a commercial AFC 
system of 4 kW in which cracked ammonia (~99.5%) was used as a hydrogen source 
as an immobile off-grid power supply. The project was named Project Alkammonia 
because cracked ammonia is a promising fuel option.

In 2020, the total market size of the fuel cell business amounted to USD 263 mil-
lion on a global scale and is expected to reach up to USD 848 million by 2025 [62]. 
Asia Pacific is assessed to be one of the largest consumers from 2020 to the upcom-
ing five years for use of fuel cell vehicles in the region. The growing demand for 
clean and green technology is endorsed by the growing demand for environmental 
friendly clean energy generation in developed regions increased by public transpor-
tation systems, booming power sector, fuel-cell-powered vehicles, and enlarged 
power generation capacities globally. Based on application, the market has been 
segmented into stationary, portable, and transport categories where the fuel cell is 
potentially used for fuel cell-power vehicles, utilities, defense, etc.
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2.10  Summary and Concluding Remarks

The increasing interest in AFCs in past 50 years is associated with the development, 
improvement, and production of new AEMs. The progress of AEMs has added 
momentous attention over the last five years. AEM is one of the important and 
major key components of AFC systems. The long-term chemical stability, low cost, 
and constant performance will determine whether the AEM-integrated AFC tech-
nology can reach up to final commercialization and daily life application. 
Performance of AEM has increased remarkably in AFCs, though it has yet to be 
satisfied for ongoing demands. However, several challenges have to be pointed out 
before AEMs become a conventional product, including chemical stability, high 
performance, adequate mechanical strength, long-life durability, and low-cost pro-
duction methods. The primary restraint of the AEMs in fuel cell operation is the life 
of membrane and the high ionic conductivity of the membrane under anion condi-
tions. AEMs could play a key role in the search for substitute power sources like 
AFCs that can be competitive with other existing power sources. Multi-kW anion 
alkaline cells could be used in our daily lives to power our homes, electric vehicles, 
offices, apartments, small malls, and hospitals. Moreover, partial capacity loaded 
fuel cells could be used for powering cell phones, computers, and wireless connec-
tions in the initial phase. Still, commercial AEMs are considered to be their early 
stage of enlargement for fuel cell applications. Numerous studies demand situations 
that need to be triumphed over earlier than AEMs may be efficiently implemented 
in pre-commercial fuel cells. If the aforementioned limitations of currently existing 
systems can be overcome, AFCs will become a clean and green alternative to fossil 
fuels in upcoming years.
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3.1  Introduction

Climate change increasingly exacerbates the impact of other promoters on nature 
and human well-being. The frequency and intensity of extreme weather events, and 
the fires, floods, and droughts that they can bring, have increased in the last 50 years, 
while the global average sea level has risen by between 16 cm and 21 cm since 1900, 
and at a rate of more than 3 mm per year over the past two decades. These changes 
have contributed to widespread impacts on many aspects of biodiversity, including 
species distribution, phenology, population dynamics, community structure, and 
ecosystem function. According to observational evidence, the effects are accelerat-
ing in marine, terrestrial, and freshwater ecosystems and are already impacting agri-
culture, aquaculture, fisheries, and nature’s contributions to people [1].

A consensus has formed that an energy transition grounded in renewable sources 
and technologies that increases efficiency and conservation is the only way to give 
us an opportunity to fight and limit global warming to 1.5 °C by 2050. Only a few 
years ago, the renewables-centered approach was considered idealistic. Today, even 
some of the most conservative energy players have realized it as the only realistic 
option for a climate-safe world. We do not have time. The window is closing and the 
path to a net-zero carbon future is narrowing. The science is clear: 45% of global 
greenhouse gas emissions from 2010 levels must be reduced by 2030. Unfortunately, 
the recent trends show that the gap between where we are and where we should be 
is widening. We need to change the course now [2].
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Hydrogen energy devices like fuel cells (FCs) and electrolyzers, and e-fuels appli-
cations are key pieces in the movement toward a net-zero carbon future, playing a 
major role in the energy transition strategy, allowing energy storage for a long time 
without significant losses [3]. Furthermore, green hydrogen and e-fuels can decar-
bonize several industrial sectors and general uses, either directly as part of indus-
trial processes or by replacing fossil fuels for heating demand or transportation [4].

The search of efficient and cost-effective materials and components for energy 
devices such as FCs and electrolyzers, particularly alkaline-membrane-based 
devices as anion-exchange membrane (AEM) FCs and water electrolyzers have 
gained interest, demonstrated by the continuous increase in the number of verified 
publications in the last decade.

Apart from meeting cost, durability, and performance targets, AEMs should meet 
other important requirements related to the fabrication process, as shown in 
Figure 3.1. It must be ensured that the desired structure is reached by the chosen 
synthetic route, selecting the appropriate ion-exchange groups and their positioning 
on the polymer matrix. The control of membrane morphology ensures good 
mechanical properties and scalability. For industrial fabrication, low-cost materials, 
mild reaction conditions, and one-pot processing methods should be employed as 
far as possible.

The main challenge for successful fabrication of AEMs is the combination of 
high OH− ion conductivity and good mechanical properties [5]. Anion-exchange 
groups do not dissociate strongly as do SO3H groups in proton-exchange mem-
branes (PEMs) like Nafion®, and the inherent electrochemical mobility of hydrox-
ide ions in water is much lower than that of protons. Thus, it is very difficult for the 
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Figure 3.1 Main requirements for fabrication of good alkaline fuel cell membranes. 
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ionic (hydroxide) conductivity of AEMs to approach that of typical commercial 
PEMs. While the ionic conductivity of AEMs can be enhanced by increasing the 
number of cationic sites, i.e. by increasing the polymer’s ion-exchange capacity 
(IEC), this approach is limited due to the concomitant deterioration of its mechani-
cal properties with increasing fixed charge concentration; causing excessive swell-
ing with loss of resistance in fully hydrated state, and brittleness in partially 
hydrated or dry membranes [5].

3.2  Fabrication Processes of Anion Exchange Membranes

3.2.1 AEM of Cationic Charged Polymers

In this kind of AEMs, the polymers have ionic sites bonded to the backbone of the 
polymer chain, with mobile counter anions. The cationic groups covalently bound 
to the polymer backbone can be obtained through different fabrication processes 
and starting materials [6, 7]:

 – Polymerization of monomers resulting in polymers with pendant anion-
exchange groups in their backbones or cationic polymers that can be obtained 
through a secondary reaction step.

 – Incorporation of cationic groups on a preformed film by grafting, a monomer that 
has cationic groups or groups capable of subsequently reacting to give rise to 
anionic-exchange groups.

 – Chemical modification of a polymer or polymer blend to form cationic moieties, 
followed by dissolution and casting.

Quaternary ammonium salts have been extensively used as anion-conducting groups 
(AEGs). In the first design and fabrication process of an AEM, patented by Tokuyama 
Soda Company, polychloropropene was crosslinked with divinylbenzene (DVD), func-
tionalized with quaternary ammonium groups obtained from triethylamine [8].

Quaternary ammonium salts have been widely used as AEGs. In the first design 
and manufacturing process of an AEM, patented by Tokuyama Soda Company, pol-
ychloropropene was crosslinked with DVD, functionalized with quaternary ammo-
nium groups obtained from triethylamine [8].

DVD can react to form a benzyl halide moiety, which in turn reacts with a tertiary 
amine to form a quaternary ammonium salt as anionic-exchange group. This route 
applies the Menshutkin reaction that converts a tertiary amine into a quaternary 
ammonium salt by reaction with an alkyl halide. Varcoe and Slade, pioneers in 
AEM for direct methanol fuel cells (DMFCs), obtained membranes by radiation 
grafting the vinylbenzylchloride (VBC) into poly(vinylidenefluoride) (PVDF) and 
poly(tetrafluoroethene-co-hexafluoro propylene) (FEP) and then the –CH2Cl moiety is 
quaternized with trimethylamine [9]. As they did not obtain sufficiently stable materials 
by this route, they employed electron-beam grafting of VBC onto poly(ethylene-co- 
tetrafluoroethylene) (ETFE), obtaining better results, with ionic conductivity 23 mS cm−1  
at 50 °C [10, 11].
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A detailed synthesis procedure is found in Ref. 12. A known mass of FEP was 
immersed in excess VBC (or a 50% v/v solution of VBC in toluene) and purged with 
nitrogen. The grafting reaction was done at 40–70 °C during known periods of time 
(days). The grafted membranes were heated at 70 °C in toluene overnight, to remove 
any unbound poly(vinylbenzyl chloride) (PVBC) homopolymer, and toluene was 
then removed under reduced pressure. These films, denoted FEP-g-PVBC, were 
then immersed in a trimethylamine solution. The salt form of the membrane is 
reached by treatment with potassium hydroxide (KOH) aqueous solution to yield an 
OH− ion conducting AEM.

Many known organic reactions can be applied to modify a polymer backbone, 
functionalizing it and/or joining it to other molecules in order to attain the desired 
properties in the resulting AEM. For example, Zhou et al. [13] synthesized a polyketone- 
based AEM with N-substituted pyrroles. These groups were directly introduced into 
polyketone backbones via Paal−Knorr reaction. Friedel–Crafts reaction can be used 
for adding an alkyl or acyl group to an aromatic ring by an electrophilic aromatic 
substitution [14, 15]. Many commercial AEMs are based on this scheme, which is 
advantageous in terms of low cost and facile synthesis [16–21].

Yang et al. [22] reported poly(phenylene oxide) (PPO) membranes with flexible 
spacers, using the easy and safe Suzuki–Miyaura coupling reaction. The membranes 
obtained showed good dimensional stability, with water uptake below 55 wt.% and 
conductivities above 60 mS cm−1 at 70 °C.

Biaryls groups can be introduced into AEM via the Ullmann coupling reaction. 
For example, Li et al. [23] reported an AEM with tetra-quaternary ammonium car-
bazole groups introduced into a poly(arylene ether ketone) with iodobenzene by 
Ullmann grafting reaction.

The Leuckart reaction, where aldehydes or ketones are reductively alkylated 
either with ammonium formate or with a mixture of dimethylformamide (DMF) 
and formic acid, was employed by Zhang et al. [24] for the modification of poly(aryl 
ether ketone)s to fabricate polyelectrolyte poly(aryl ether amine)s.

Copper-catalyzed azide-alkyne cycloaddition (CuAAC) is a simple pathway that 
allows for the covalent attachment of two molecular building blocks with different 
functional groups. The work by Yang et al. [25] reviews AEMs preparation methods 
using CuAAC.

A route based on the Vilsmeier reagent, a mixture of β-phosphoryliminium chlo-
ride and β-chloroiminium phosphate, was used by several authors such as Wang 
et al. [26] for the preparation of an AEM. Using this reagent, a guanidinium salt was 
incorporated into the poly(arylpiperidinium) (PAP) backbone through a simple and 
efficient synthetic route.

AEGs, such as 1,4-diazabicyclo[2.2.2]octane (DABCO), hexamethylenetetramine, 
N, N, N′, N′-tetramethyl-1,6-hexanediamine (TMHDA), and tetramethylethylenedi-
amine (TMEDA), were proposed in order to obtain AEM with high ionic conductiv-
ity and chemically stability in high pH media (Figure 3.2) [27–31].

Some functional agents like TMHDA and DABCO have two tertiary amine groups 
and then can be used as crosslinkers to improve dimensional stability and mechanical 
properties [32–35]. In addition, other AEGs such as imidazolium and benzimidazolium 
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were reported. Benzimidazolium-based AEMs were prepared by methylation of 
poly[2-2′-(m-phenylene)-5-5′-bibenzimidazole] (PBI) [36–38]. In this membrane, the 
blocking of C2 position of PBI improved to some extent the alkali resistance by hin-
dering the nucleophile attack by OH− anions. Pyridine, phosphonium, tertiary sulfo-
nium, and metal-cation-based AEGs were also reported. 

3.2.2 AEMs of Ion-Solvating Polymers

This kind of AEMs is composed of a polymer matrix and an aqueous solution of a 
metal hydroxide, usually KOH, which combines the mechanical, chemical, and 
thermic properties of the polymer with the conductive properties of the alkaline 
solution. The polymer’s electronegative heteroatoms such as nitrogen, oxygen, or 
sulfur interact with the cations in solution through a donor–acceptor mechanism, 
enabling ionic conduction through these heteroatom–cation interactions, and also 
through the mobility of the amorphous polymer chains [39].

Anion-solvating AEMs based on alkali-doped polybenzimidazoles are good 
options, due to their high chemical and mechanical properties, along with good 
conductivities. These linear heterocyclic polymers contain benzimidazole groups as 
part of the structurally repeating unit.

Alkali-doped PBI membranes were first proposed by Xing and Savadogo [40], fol-
lowed by other authors for alkaline FCs [41,42].

Poly(2,5-benzimidazole) (ABPBI), the structurally simplest member of the poly-
mer family, has a very simple synthesis route. It is prepared by condensation of the 
single 3,4-diaminobenzoic acid (DABA) monomer in polyphosphoric acid (PPA), 
according to the procedure reported by Gómez-Romero and coworkers [43].

In order to improve the mechanical properties, polybenzimidazole can be crosslinked. 
A scheme of the procedure to crosslink ABPBI with benzoxazine (BZ) [44], consist-
ing in mixing ethanol solutions of BZ monomer and ethanol/NaOH solutions of 
ABPBI. After membrane formation, the BZ polymerization and crosslinking process 
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Figure 3.2 Ion-exchange groups usually employed in AEMs.
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is induced by thermal treatment at 180 °C for 10 h. The high temperature promotes 
the oxazine ring opening and further reaction between the methylene group and 
benzene ring of BZ monomer (oligomerization or polymerization) or ABPBI poly-
mer (crosslinking). These membranes attained an anionic conductivity of 25 mS cm−1 
at room temperature.

Blending allows a synergetic combination of the properties of base materials. 
Polyvinyl alcohol (PVA) is an attractive polymer owing to its hydrophilic character, 
good film-forming ability, and low cost, being as well biodegradable, biocompati-
ble, and with a high solubility in water. Besides, it can react with different crosslink-
ers. ABPBI/PVA AEMs, prepared by casting from ethanol/NaOH and dimethyl 
sulfoxide (DMSO) solutions, respectively, with PVA crosslinked with glutaralde-
hyde (GA)  [45, 46], allowed improved conductivity, mechanical properties, film 
formability, and reduced costs in blend membranes compared with pure ABPBI 
ones. Membranes attained anionic conductivity 90 mS cm−1 at 90 °C.

The characteristics of cationic charged and ion-solvating polymers are present in 
the ABPBI-crosslinked-PVBC membrane, quaternized with DABCO and prepared 
by casting  [47]. The fabrication process begins mixing N-methyl-2-pyrrolidone 
(NMP) solutions of ABPBI and PVBC, along with LiNO3 (1 wt.%), then placed in a 
mold and dried at 100 °C for 48 h. The membranes, denoted as ABPBI-c-PVBC, are 
quaternized by immersion in a DABCO ethanol solution. These films, denoted as 
ABPBI-c-PVBC/Cl, are converted to the OH− form by immersion in a 1 M KOH 
aqueous solution, to obtain the ABPBI-c-PVBC/OH membranes.

For the PBI version (denoted as PBI-c-PVBC/OH) similar procedure was used to 
obtain PBI crosslinked with PVBC, quaternized with DABCO  [48, 49], with a 
hydroxide conductivity greater than 25 mS cm−2 at room temperature and low swell-
ing ratio. Hao et al. employed 1-butyl-4-aza-1-azaniabicyclo[2.2.2]octane bromide 
(BDABCO), synthesized using DABCO and 1-bromobutane, to prepare BDABCO 
substituted PBI/PVBC crosslinked membranes  [50], that attained an anionic  
conductivity of 91 mS cm−2 at 80 °C and 340 mW cm−2 peak power density (PPD) in 
H2/O2 single FC. 

3.2.3 AEMs with Nanofibers

Membranes with high porosity, good mechanical properties, and large size can be 
obtained by the electrospinning technique. By varying the size and the morphology 
of the fibers, the desired characteristics can be obtained with high reproducibility 
and easy upscaling.

In 2020, Mann-Lahav et al. [51] prepared ionomeric anion conducting nanofibers 
with different morphologies, varying the solvent used on its fabrication. The conduc-
tivity in the mats was related with the solid films cast, caused by variations in water 
absorption, as a consequence of morphological characteristics. The same group stud-
ied the influence of the relative humidity (RH) during the electrospinning process  
in these morphological characteristics  [52]. They prepared fibers with the anion- 
conducting ionomeric commercial material (FAA-3 in its Br– form) purchased from 
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Fumatech BWT GmbH, a quaternary ammonium functionalized aromatic PPO-based 
polymer, with a branching effect in the electrospun fibers found to occur mostly at RH 
less than 30%.

Park et  al.  [53] reported diamine-crosslinked PPO polyelectrolyte nanofibers 
func tionalized with either benzyl trimethylammonium or 1,2- dimethylimidazolium 
groups, embedded in a reinforcing matrix of polyphenylsulfone (PPSU), tested in 
H2/O2 FC.

The same group [54] reported a dual-fiber electrospinning procedure to prepare a 
composite AEM. They prepared chloromethylated polysulfone (CMPSf), converting 
a portion of chloromethyl groups to iodomethyl moieties via a modified version of 
the Finkelstein reaction, in order to increase the crosslinking reactivity of the CMPSF 
with an aliphatic diol (crosslinking agent). They electrospun simultaneously PPSU, 
as reinforcing polymer, and chloro/iodomethylated polysulfone into a dual-fiber 
mat, from separate spinnerets, with (1,6-hexanediol), as crosslinking agent added to 
the imidazolium functionalized polysulfone (IMPSF) spinning solution. The result-
ant membrane was quaternized in aqueous solution of trimethylamine or solution of 
either 1-methylimidazole or 1, 2-dimethylimidazole in methanol. Membranes exhib-
ited anion conductivity of 49 mS cm−1 at room temperature.

Liao et al. [55] quaternized PVA (Q-PVA) with glycidyltrimethyl ammonium chlo-
ride (GTMAC), preparing composite membranes by immersing a mat of Q-PVA 
nanofibers in Q-PVA solution, doped with a 6 M KOH solution, that attained an 
anionic conductivity of 35 mS cm−1 at 60 °C in alkaline DMFC.

Yang et  al.  [56] compared PVA/chitosan (PVA/CS) blended and electrospun 
nanofiber composite membranes, prepared by soaking electrospun nanofiber PVA/
CS crosslinked in GA vapor in PVA/CS solution, doped in 9 M KOH, for alkaline 
DMFC. The conductivity of the composite membranes was 19 mS cm−1 at 25 °C, with 
higher selectivity and lower methanol permeability compared with blended ones.

In 2021, we reported a facile preparation method of an AEM composed of PVA 
nanofibers crosslinked with GA, soaked in an ABPBI ethanol/NaOH solution, that 
showed good chemical stability and swelling resistance, with ionic conductivity of 
41 mS cm−1 at 80 °C [57]. 

3.2.4 Hybrid AEMs

Composite organic inorganic AEMs, containing inorganic components taken up in 
a polymeric matrix, combine the advantages of both materials. Organic and inor-
ganic components can be bonded covalently or through ionic interactions. Different 
inorganic components have been considered, like silica, metallic oxides, graphene 
oxide, or functionalized carbon nanotubes (CNTs), dispersed in a polymeric matrix 
through particle doping or in situ particle forming.

Fabrication processes include sol gel methods, blending, intercalation methods, 
in situ polymerization, and molecular auto assembling [27, 58].

Yang  [59] reported the fabrication of hybrid PVA membranes with TiO2, with 
good performance in DMFC. Huang et al.  [60] reported a PVA-based membrane, 
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with CNTs modified with PVA chains (m-CNTs) in order to improve the chemical 
compatibility. The m-CNTs improved KOH sorption and conductivity, while lower-
ing swelling and permeability. The conductivity improvement was attributed to the 
influence of m-CNTs, hindering polymer chain alignment, thus promoting more 
amorphous regions.

Other authors studied the combination of PVA and CS with CNTs modified with 
double hydroxide (layered double hydroxides [LDHs]) hierarchical layers [61, 62], 
structured multi metallic cation and anion layers [63], positive charged crosslink-
ing [64], or modification with alkyl spacers [65].

Zhang et  al.  [66], reported cross-linking of ammonium quaternized poly(2, 
6-dimethyl-1, 4-phenylene oxide) (QPPO) with tertiary amine groups functionalized 
graphene oxide (graphene oxide nanosheets [NGOs]). NGO were obtained by mix-
ing a DMF solution of GO with N, N-dimethyl-p-phenylenediamine (DMPD). 
Membrane was fabricated by casting of a NMP solution of synthetized bromometh-
ylated PPO (BPPO) and NGO in DMF. 

3.2.5 Recent Developments in AEMs

Many research groups have made efforts to design polymer architectures with high 
anionic conductivity and good alkaline resistance. As an example, the work of Gong 
et  al.  [67] about pendant imidazolium side chain functionalized polysulfone 
(PIMPSf) can be mentioned . Preparation of 1-(2-hydroxyethyl)-3- methylimidazolium 
chloride (HMIM-Cl) was performed by reaction of 1-methylimidazole and chloro-
ethanol heated to 135 °C under microwave (200 W) for about 10 min with the pro-
tected nitrogen. After cooling to room temperature, the product was precipitated in 
acetone. PIMPSf was synthesized via Williamson etherification between CMPSf 
and HMIM-Cl. The membrane is prepared by casting from a solution of PIMPSf-Cl 
in NMP, with immersion in KOH aqueous solution for converting the material to 
the OH− form. The resulting membrane had an anion conductivity of 72 mS cm−1 at 
60 °C and good tensile strength in hydrated state. The presence of a long spacer 
chain also improved the alkaline stability.

Son et al. [68] reported a pore-filled membrane using PPO with long side chain and 
quaternary ammonium group through Friedel–Crafts acylation reaction, with poly-
ethylene (PE) support. Acylated PPO (Ac-PPO), synthesized from PPO in 1, 
2- dichloroethane, is dissolved in tetrahydrofuran (THF), with TMHDA, as crosslink-
ing agent. The porous PE support is extended in a cylindrical centrifugal machine, 
and then the polymer solution is poured, penetrating into the pores of the PE support 
by centrifugal force. The solvent of polymer solution evaporates for 12 h with infrared 
radiant (IR) ramp simultaneously. As the solvent is volatilized, the polymer fills the 
pores to a uniform thickness. After being fully dried, the pore-filled membrane is 
soaked in trimethylamine solution and finally alkalinized by immersion in 1 M 
KOH. The ionic conductivity was 87 mS cm−1 at 80 °C, with good mechanical proper-
ties and 239 mW cm−2 PPD in H2/O2 single FC.

Kim et al. [69] reported the conversion of poly(methoxytriptycene ether sulfone) 
(OMe-PTES) to pyrazolium crosslinked poly(triptycene ether sulfone) (PXm-Tn), 
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whose fabrication process consists in the demethylation of OMe-PTES to form 
poly(hydroxy-triptycene ether sulfone (OH-PTES), then crosslinked with 4-methyl-
3,5-dichloro-1,2-diphenyl-pyrazolium tetrafluoroborate and 4-methyl-3-chloro-
5-phenoxy-1,2-diphenyl-pyrazolium tetrafluoroborate. High conductivity along 
with mechanical and chemical stability is attained by means of a structure that pro-
motes ionic highways formation. A cross-linked polymer network with cations as 
crosslinkers allows reaching conductivities as high as 0.11 S cm−1 at 80 °C with 
reduced hydration and IEC as low as 0.91 mmol g−1 and 730 mW cm−2 PPD in H2/O2 
single FC with stable performance during 400 h tests.

Lin et al. [70] reported an AEM of poly(aryl piperidinium) (PAP) with clustered 
piperidinium cations (3QPAP-x, x  = 0.3, 0.4, and 0.5), fabricated by mixing PAP,  
N, N-diisopropylethylamine (DIPEA), and 1-(6-bromohexyl)-1-methylpiperidinium 
bromide (BrPD); precipitated in ethyl ether from 1-methylpiperidine added to a 
solution of 1,6-dibromohexane (DBH) and acetonitrile (AR), stirred at 60 °C for 
12 h; in DMSO and reacted at 80 °C for 12 h.

Yuan et al. [71] reported poly(isatin biphenylene) (PIB) membranes with [Cp-Fe-
toluene] + organometallic cation fabricated by synthesis of PIB, preparation of PIB-
alkyl alcohol in an alkaline environment provided by anhydrous potassium 
carbonate, and synthesis of PIB-alkyl-[Cp-Fe-toluene] by reacting PIB-bromoethanol 
(PIB-BE) with Br-[Cp-Fe-toluene] PF6.

Liu et al. [72] proposed soluble p-quaterphenyl-containing poly(aryl piperidinium) 
(PQP-100). PQPip-100  was prepared by superacid-catalyzed polymerization of 
N-methyl-4-piperidone and p-quaterphenyl, then quaternized with excess methyl iodide.

A facile and scalable method to make PE-reinforced poly(fluorenyl-co-terphenyl 
piperidinium (PFTP@PE) AEM was reported [73]. To penetrate through the hydro-
phobic PE substrate, ethanol was used as a co-solvent, since ethanol has low contact 
angle and interface tension on the PE substrate. EtOH-assisted PFTP@PE mem-
branes achieved a tensile strength of 120 MPa, while membranes without ethanol 
assistance had a tensile strength of 80 MPa.

Following the scheme of Varcoe and Slade [9–11], who introduced by radiation 
grafting VBC onto PVDF obtaining materials not stable enough, Prakash et al. [74] 
worked with dehydrohalogenated PVDF matrix, henceforth termed as D-PVDF, by 
dissolving PVDF in N, N-dimethylacetamide (DMAc), with NaOH (0.1 M) in 
2-methyl-1-propanol added to the solution. D-PVDF was then dissolved in DMAc, 
adding vinylbenzyltrimethylammonium chloride salt solution and initiator 
2,20-azobis(2-methylpropionitrile) (AIBN) for chemical grafting. They obtained 
acceptable mechanical properties, IEC, and conductivity, but results are not shown 
in FC devices.

AEMs based on polynorbornene were explored because of their chemically and 
electrochemically stable backbone and facile functionalization by means of the 
Grubbs. Cao et al. [75] reported AEMs prepared via ring-opening metathesis polym-
erization (ROMP) by using Grubbs third-generation catalyst. The resultant AEMs 
exhibited high glass transition temperature (Tg) and tensile strength, and PPD 
228 mW cm−2 without optimized membrane electrode assembly (MEA) fabrication 
process.
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In an attempt to combine high conductivity and strength, interpenetrating poly-
mer network (IPN) AEMs, with their mechanical support phase and ion conduction 
phase interlaced, were reported by Zeng et al. [76]. Both polymer networks are ion-
ized to fabricate a kind of dual-cation IPN, and membrane preparation was done by 
casting. The resultant membrane showed excellent conductivity (160.5 mS cm−1 at 
80 °C) and good mechanical strength (>20 MPa).

CMPSf-based AEM was crosslinked and quaternized by functionalizing DABCO 
with ether-containing flexible hydrophilic spacers [77]. The authors concluded that 
the long spacer influences the transport of hydroxide ions, the swelling and water 
uptake of the AEM.

Ma et al. [78] studied hydrophilic–hydrophobic phase separation in AEMs. They 
claim that in microphase-separated AEMs, the resistance against OH− in the hydro-
phobic microphase restricts connection of ionic clusters to form a continuous path-
way, and they proposed to lower packing density of the polymer chains by 
introducing a rigid bulky structure into AEMs. In this case, they worked with a 
cation-modified β-cyclodextrin. The resulting microphase separation and the 
enlarged free volume increase hydroxide conductivity.

Interestingly, an AEM can improve its performance-changing parameters of the 
FC. This was studied by Omasta et  al.  [79], who employed a MEA based in 
 radiation-grafted ETFE-AEMs functionalized with benchmark benzyl trimethyl 
ammonium groups, and varying parameters like balancing membrane hydration 
while preventing electrode flooding reached PPDs higher than 1 W cm−2.

The relationship between different kinds of reported AEMs, their fabrication pro-
cess, properties, and performance is detailed in Table  3.1. The characteristics of 
main commercial AEMs are detailed in Table 3.2 [82–84].

3.3  Characterization Procedures of AEMs

The characterization of the AEM is important since it allows to know the relation-
ship between the chemistry of the membrane, its structure, and transport proper-
ties, which determines its subsequent performance and stability.

The membrane and interface electrical properties, such as ionic conductivity, can be 
studied using electrochemical impedance spectroscopy (EIS). Ionic conductivity 
measurement provides a quick indication of the suitability of the membrane. However, 
it is important to complement this information by evaluating IEC, swelling ratio, water 
content, mechanical and thermal properties. On the other hand, the chemical stability 
under operating conditions is related to its performance and durability. Techniques 
such as ultraviolet–visible (UV–Vis) spectroscopy, attenuated total reflectance-Fourier 
transform infrared (ATR-FTIR), X-ray photoelectron spectroscopy (XPS), nuclear 
magnetic resonance (NMR), and elemental analysis allow to characterize AEM com-
position. Using microscopic techniques it is possible to evaluate its structures.

The different characterization techniques will allow a deeper understanding of 
the structure, conduction mechanism, morphology, and stability, which can help to 
design membranes with the desired characteristics. In Sections 3.3.1–3.3.6, some 
common characterizations techniques are described.
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3.3.1 Ionic Conductivity

Transport phenomena in AEMs can be studied using the EIS technique. From each 
conductive and capacitive property in the equivalent circuit it is possible to quanti-
tatively analyze the different structures. This non-invasive and non-destructive 
technique allows to obtain useful information on the interfacial phenomena of 
these systems, such as the properties of multilayer systems, the rate of electrochemi-
cal reactions, dielectric and transport properties of materials, and electrochemical 
reaction mechanisms [85, 86].

When an AEM is in contact with an aqueous electrolyte solution, the main con-
tributions to its resistance come from the sum of three sublayers resistances: the 
diffusion boundary layer (DBL), the electrical double layer (EDL), and the 
AEM [87]. Besides the membrane physical properties, resistance is also affected by 
the AEM operating conditions, such as flow rate, electrolyte concentration, pH, 
and temperature [88].

Typical EIS experiments are performed in a two- or four-electrode cell, apply-
ing an alternating sinusoidal current or voltage and recording the response of 
the system for its analysis. Two-electrode cell allows in-plane or through-plane 
measurements, and only in-plane measurements are performed in a four- 
electrode cell. In the second configuration, the current or voltage is imposed to 
the external electrode pair, while the response is measured between the internal 
one, avoiding errors due to polarization phenomena and contact resistances [89]. 
Complex nonlinear regression analysis is used to interpret the electrochemical 
spectra [90]. From the high-frequency intercept of the impedance with the real 
axis, the value of the ionic resistance of the membrane (Rm) is obtained. This 
parameter is related to its ionic conductivity (σ) according to the following 
equation [91]:

 
L

R Am *  (3.1)

where L is the thickness of the membrane and A represents the active surface area 
of the sample.

To determine the hydroxide conductivity it is important to consider the effect of 
CO2 presence on the measurement, due to the rapid formation of carbonates and 
bicarbonates when exposed to air. This causes a reduction in the diffusion coeffi-
cient and the conductivity of the anion [92–94]. Ziv and Dekel [95] found that the 
hydroxide conductivity value for a commercial membrane measured under 
 bicarbonate-free conditions was twice the value obtained after the common practice 
of aqueous soaking in KOH followed by washing with water in a CO2-free chamber 
(103 and 50 mS cm−1, respectively). Likewise, Grew et al. [96] studied how the ionic 
conductivity of AEM is modified as a function of temperature and CO2 concentra-
tion. However, when using AEMs for FCs, the atmospheric CO2 effect can be 
reduced by operating at current densities above 1 A cm−2, as reported by Siroma 
et al. [97]. 
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3.3.2 IEC, Swelling Ratio, and Water Content

The IEC is a parameter that relates the number of moles of exchangeable ions per 
unit of dry membrane (mdry), usually expressed in milliequivalent per gram or mil-
limole per gram [91, 98].

Experimentally, the IEC can be determined by different methods such as spectro-
scopic analysis, ion-selective electrode potentiometry, elemental analysis, and titri-
metry. When comparing different IEC values, it is necessary to consider the method 
by which it was obtained as well as the units, to obtain a correct interpretation. 
Karas et  al.  [99] compared the suitability of potentiometry with an ion-selective 
electrode (ISE) as a sensitive method, titration and spectrophotometry for the deter-
mination of IEC in both homogeneous and heterogeneous membranes. Of the three 
methods tested, spectrophotometry was the most accurate, while ISE showed the 
highest systematic error. However, the latter has some advantages, such as the pos-
sible evaluation of ion-exchange kinetics and membrane transport properties.

Currently the most used method is titration. There are different procedures to 
determine the IEC by this method. One of them is the OH− back titration method [50]: 
AEM in the OH− form is immersed in an aqueous solution of HCl so that the OH− 
inside the membrane is transferred into the solution. Then, without removing the 
membrane, the resulting solution is titrated with a NaOH solution. The value of IEC 
is given by:

 IEC
moles molesacid base

drym
 (3.2)

Direct titration of the exchanged OH− is also possible by immersing the mem-
brane in a NaCl solution. IEC can also be determined from a membrane in the Cl− 
form, which is the way that AEM are usually synthetized. To do this, the membrane 
in the Cl− form is immersed in a KOH or NaNO3 aqueous solution, allowing the 
chloride ions being transferred into the solution, where they are titrated by 
argentometry [100].

It’s important to note that IEC measurement works under the assumption that a 
complete exchange of ions takes place during the titration and that the ions are 
homogeneously distributed over the membrane. If these assumptions are not met, 
the uncertainty of the measurement will be affected [98].

Another type of characterization of the AEM is the determination of its water 
swelling ratio, measured from the dimensional difference between the membrane 
before and after immersing in water. Membrane swelling will change its pore size, 
affecting the diffusion coefficients and the concentration of electrolyte that the 
AEM may absorb. This means that variation in the expansion of a membrane influ-
ences the membrane transport, electrical conductivity, diffusion permeability, and 
the ion transport number  [100]. The type of polymer matrix and ion-exchange 
groups as well as their counter ions, charge density, and crosslinking degree are 
parameters that influence the membrane’s swelling ratio [91].

When exposed to water, membrane mass changes due to water sorption. Water 
uptake is therefore defined as the change in membrane mass after this exposure. It 
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is usually determined gravimetrically by difference of the mass between wet and dry 
membranes [92].

IEC, swelling, and water uptake are deeply related parameters. Despite the water 
content enhancing mobility of ions, which has a positive effect in conductivity, a 
moderated value is desirable, since an excessive uptake will produce a greater swell-
ing, affecting the mechanical stability and permeselectivity of the membrane. In 
addition, its ionic conductivity will also be affected as the concentration of fixed 
ions in the membrane is reduced [101,102]. A similar effect is seen with IEC. Although 
higher IEC values indicate a greater number of charged groups, this could lead to 
increased membrane swelling and thus a decrease in charge density, resulting in a 
reduction in ionic conductivity [91]. 

3.3.3 Mechanical and Thermal Properties

Assessment of mechanical properties is one of the common characterization proce-
dures for an AEM. Since the response of a polymeric material can be very different 
depending on the type of stress applied, it is convenient to study its behavior accord-
ing to its application. In the case of AEMs used in a FC, it is required that it can 
support the preparation of the MEA and its compression in the assembly of the 
stack. Taking this into account, Young’s modulus is usually determined, which indi-
cates the resistance of the material to be stretched or compressed [91, 103, 104].

Usually, Young’s modulus, tensile strength, stress–strain curves, and elongation at 
break are obtained by stretching membrane samples, using a standard testing instru-
ment for the tensility of plastics, controlling the temperature, and humidity of the 
chamber. Likewise, the nano-indentation technique using a nano-indenter equip-
ment allows to determine the nano-hardness and Young’s modulus of the mem-
branes at the interface  [105]. Franceschini and Corti  [104] used the atomic force 
microscopy [AFM] nano-indentation technique to determine Young’s modulus in 
Nafion membranes and different polybenzimidazoles.

The thermal properties of a membrane can be determined from a set of tech-
niques in which a physical property is measured as a function of temperature (or 
time), while the membrane is subjected to a controlled temperature program in a 
given atmosphere, usually pure N2. The most used to characterize AEMs are differ-
ential scanning calorimetry (DSC) and thermogravimetric analysis (TGA).

DSC is a thermo-analytical technique, in which the heat required to increase the 
temperature of the sample and a reference are measured as a function of tempera-
ture and at controlled heating rate. This technique allows to evaluate mainly the 
characteristic transition temperatures (such as glass transition temperature, Tg), 
cross-linking degree, the effects of thermal cycling, and the crystallinity of the sam-
ple. In addition, the stability of a membrane can be studied by TGA. In a typical 
TGA experiment, the mass of the sample is recorded continuously as a function of 
temperature in a controlled atmosphere, so changes in the membrane such as water 
loss, volatilization, and other chemical reactions in which weight changes occur are 
detected [103].
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Despite DSC and TGA characterizations giving useful information about the mem-
brane thermal stability, its analysis should be considered with care, since the condi-
tions in which this experiments are performed do not exactly replicate the typical 
conditions of a FC. 

3.3.4 Chemical Stability

Chemical stability of AEMs is a critical parameter and must be thoroughly evalu-
ated taking into account their working conditions.

Frequently, the membrane’s molecular structure contains cationic functional 
groups with low stability in strongly alkaline media. In presence of high OH− con-
centration, mainly two types of degradation mechanisms take place. If there are no 
hydrogen atoms in the β position, nucleophilic substitution reactions occur, forming 
the corresponding tertiary alcohols and amines. On the other hand, the presence of 
β-hydrogens enables the Hofmann elimination reaction that produces vinyl groups 
(Figure 3.3). In both cases, the performance of the membrane will be affected as the 
number of cationic groups capable of exchanging anions is reduced and its mechan-
ical properties will also change [106].

In order to study the effect of the alkaline medium, the properties of the mem-
brane are regularly evaluated before and after immersing it in KOH aqueous solu-
tions of different concentrations, at a certain temperature, for a given time. Changes 
in any of its properties such as morphology, IEC, conductivity, permeability, chemi-
cal structure, or mechanical stability will indicate that the membrane is not stable 
under the test conditions.

However, this test does not simulate a FC environment, which can overestimate 
the membrane stability. During the operation of the cell, a water gradient is gener-
ated, because the water is consumed at the cathode and produced at the anode. 
Thus, the solvation of hydroxyl ions is an important factor to consider [107]. Dekel 
et al.  [108] studied this effect both experimentally and by density functional the-
ory (DFT) simulations. When the hydration level is low, the OH− are less solvated, 
increasing their nucleophilic character. Hence, a faster degradation will occur on 
the cathode, whereas the water content is lower.

An accelerated stress test frequently used is the Fenton test, which allows study-
ing the oxidative stability of AEMs. This test consists of immersing the membranes 
in a solution of H2O2 3 wt.% and FeSO4. The generated hydroxide radicals attack the 
polymer structure, making it possible to study polymer degradation under more 
unfavorable conditions than those found in a FC [109, 110]. 

3.3.5 Chemical Composition and Morphological Characterization

To determine the chemical composition of an AEM, different classical analytical 
methods are often used such as spectroscopies (UV–Vis, FTIR, XPS, Auger electron 
spectroscopy, Raman, energy dispersive X-ray spectroscopy, NMR) and elemental 
analysis, among others.
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Membrane structures can be examined by means of different microscopies such 
as scanning electron microscopy (SEM), field emission microscopy (FEM), trans-
mission electron microscopy (TEM), and AFM.

In general, to study the homogeneity degree of AEMs, SEM images are used in the 
frontal and cross-sectional view of the membranes. This technique can achieve a reso-
lution of up to 5 nm. However, as these materials are not electronic conductors, gener-
ally the films are sputtered with a thin conductor layer, such as Au or Ag, and are 
measured in high vacuum. On the other hand, low-vacuum SEM can also be used, 
without the need for sputtering the sample. When higher resolution is required, TEM 
and FEM techniques are used, which can reach resolutions of 0.4–0.5 nm and 
0.6–0.7 nm, respectively [111].

To study the morphology and surface nanostructure of membranes, the AFM 
technique can also be used. In addition to topographic images, image phases are 
also available, which are sensitive to the material’s surface properties, such as stiff-
ness, viscoelasticity, and chemical composition [112–114].
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strong base.



3.4 Conclusions 57

3.3.6 Other Characterizations

In addition to the properties listed above, a membrane should ideally have a low fuel 
crossover. In the case of direct alcohol FC, alcohol crossover through the membrane 
will affect its efficiency due to the oxidation reaction of methanol at the cathode. 
However, in alkaline direct alcohol FCs, the alcohol crossover is reduced, as the 
OH− ions within the membrane are transported in the opposite direction to the flow 
of alcohol [115].

Usually, alcohol permeability of the membranes is measured by using a two- 
compartment diffusion cell. One of them is charged with deionized water (compart-
ment A), while the other compartment (B) has variable concentrations of alcohol or 
alcohol:KOH mixtures. To minimize the effects of concentration polarization, both 
compartments are kept under agitation during the test. Subsequently, the concen-
tration is determined using gas chromatography [116] or a methanol concentration 
sensor [117]. The diffusion permeability of the membrane (P) is given by:

 P
C

C t
t

LV
A

1
a

b b  (3.3)

where Ca is the alcohol concentration in compartment A, ΔCb(t)/Δt is the variation 
in concentration as a function of time of compartment B, Vb the volume of each 
compartment, A is the membrane area, and L is the membrane thickness [118].

Park et al. [119] measured the permeability of different membranes to hydrogen 
and oxygen using the constant volume or time delay method. However, since 
crossover gas affects open circuit cell power, most authors study cell performance 
directly.

The hydrophilicity/hydrophobicity of the surface of an AEM can be determined 
from the measurement of the contact angle with water, using sessile-drop technique. 
This test makes it possible to estimate the ability of liquids to flow or form drops on a 
solid surface depending on the balance between adhesive and cohesive forces. 
Adhesive forces cause the liquid to spread out on the solid surface, while cohesive 
forces cause the drop to contract [102, 120, 121].

Table 3.3 shows a summary of the most commonly measured parameters in AEMs.

3.4  Conclusions

Current developments in AEM are aimed at improving their chemical and mechan-
ical properties, without compromising its ionic transport properties. The need to 
develop a scalable material, capable of operating in high pH environments without 
changes on its cell performance for long working periods, remains a challenge. In 
this chapter we reviewed several strategies currently employed for the AEM 
preparation.

The use of a polymer backbone with covalently bonded charged groups, mostly 
quaternary ammonium salts, has been extensively reported. The high density of 
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charged groups greatly improves IEC and conductivity. Nonetheless, a rise in the 
AEM swelling ratio and its water uptake could be observed. Moreover, the quater-
nary ammonium groups’ stability needs to be considered.

Ion solvating polymers rely on the employment of electronegative heteroatoms 
capable of interacting with ions in the solution through an acid–base mechanism. 
Polybenzimidazole-based AEMs remain as the main alternative, mostly due to their 
good mechanical and chemical properties.

The morphology of the polymer plays a great role in several of its properties. In this 
sense, nanofiber-based AEMs show excellent mechanical properties. Electrospinning 
technique, which allows to varying the length and size of the fiber, and therefore mod-
ify the AEM properties, offers a scalable alternative for its production. Subsequent 
chemical modification of the polymer nanofibers allows to incorporate functional  
groups.

AEMs made of inorganic compounds in a polymeric matrix are known as com-
posite AEMs. The use of CNTs and grapheme oxide as inorganic compound of com-
posite AEMs was developed in this chapter.

We have taken into account the properties that have to be evaluated in an AEM 
and reviewed the main characterization techniques employed. A deep characteriza-
tion of an AEM allows us to compare it to other previously reported AEM, helping 
us to understand its cell performance.

Table 3.3 Summary of the main characterization procedures of AEMs.

Parameter Common technique

Ionic conductivity EIS

IEC Spectroscopic analysis, ion-selective electrode potentiometry, 
elemental analysis, titrimetry

Swelling ratio Dimensional difference between the membrane before and 
after immersing in water

Water uptake Gravimetrically: difference of the mass between wet and dry 
membrane

Mechanical properties Tensile strength measurement, nano-indentation and AFM 
nano-indentation

Thermal properties DSC, TGA

Alkali stability Assay the membrane before and after Immersion in KOH 
solution

Oxidative stability Fenton test

Chemical composition UV–Vis spectroscopy, FTIR, XPS, Auger electron spectroscopy, 
Raman, energy dispersive X-ray spectroscopy, RMN, elemental 
analysis

Morphology SEM, TEM, FEM, AFM
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4.1  Heterogenous Anion Exchange Membranes

4.1.1 Ion-Solvating Polymers

In general, there are two types of heterogeneous membranes: ion-solvating poly-
mers (ISPs) and hybrid membranes [1]. The ISP are polymer salt complexes, which 
were discovered more than 40 years ago by Fenton et al. and Armand et al. [1–3] The 
most extensively studied ISPs are based on polyethylene oxide (PEO) polymers, 
which have been developed for applications in solid-state Ni–Zn, Ni–MH, or Zn–air 
batteries [1]. ISPs will not be covered or discussed in this chapter since few ISPs for 
fuel cell application were reported during the last decade [1]. Readers with great 
interest on ISPs can look up the review written by Merle et al. [1]

4.1.2 Hybrid Membranes

Hybrid membranes consist of an organic and an inorganic segment. Typically, the 
organic part enables the ion conducting properties, while the inorganic part pro-
vides mechanical strength. The organic–inorganic hybrid anion exchange mem-
branes (AEMs) can be prepared by a sol–gel process, intercalation, blending, in situ 
polymerization, and molecular self-assembly [1, 4–18].

Wu et al. [7] prepared a series of anion exchange hybrid membranes based on 
poly(2,6-dimethyl-1,4-phenylene oxide) (PPO) via bromination, hydroxylation, 
quaternization, and sol–gel reaction with monophenyl triethoxysilane (EPh) or/and 
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tetraethoxysilane (TEOS), followed by heat treatment at 120–140 °C for different 
times. The chemical and physical properties of the resulting hybrid AEM, includ-
ing the ion exchange capacity (IEC), hydrophilicity, hydroxide ion conductivity, 
and mechanical strength, can be tuned by adjusting the heating temperature and 
reaction time [7]. Although the resulting hybrid AEM demonstrated proper tensile 
strength (20 MPa), it only exhibited an ion conductivity of 8.5 mS cm−1 [7]. In order 
to improve the swelling resistance and enhance the ion conductivity without sacri-
ficing the thermal and chemical stability, Wu et al.  [9] optimized the content of 
silica and cross-linking degree between the PPO polymer and silica. The optimized 
PPO-based hybrid AEMs demonstrated a hydroxide conductivity of 12–35 mS cm−1 
in the temperature range of 30–90 °C [9]. When a thickness of 140 μm hybrid AEM 
with 5.4% silica was incorporated into an alkaline membrane electrode assembly 
(MEA), a H2/O2 peak power density of 32 mW cm−2 was obtained [9].

It is well known that the PEO–SiO2 composites displayed good flexibility and rela-
tively high thermal stability in proton conducting membranes [6]. Inspired by this 
result, anion-exchange PEO–SiO2 hybrid membranes were synthesized by Wu 
et al. [6] through the sol–gel reaction of different precursors: charged alkoxysilane-
functionalized PEO-1000 (PEO-[Si(OCH3)3]2(+)), EPh, N-triethoxysilylpropyl-
N,N,N-trimethylammonium iodine (A-1100(+)), and in some cases also TEOS. The 
PEO–(PEO)–SiO2 hybrid AEM showed good flexibility and tensile strength up to 
20.55 MPa [6]. However, the ion conductivity of the hybrid membranes is extremely 
low (3 mS cm−1) [6].

Wu et  al.  [8] prepared hybrid AEMs from poly(vinyl alcohol) (PVA), 
N-triethoxysilylpropyl-N,N,N-trimethylammonium iodine, and different types of 
cross-linker such as TEOS or glycidoxypropyltrimethoxysilane through the sol–gel 
process. By tuning the proportion of the cross-linker, the IEC ranged from 0.52 to 
1.10 mmol g−1, the tensile strength was in the range of 55–82 MPa, and the elonga-
tion at break can be as high as 16% [8].

Quaternized polysulfone (QPSU)/functionalized montmorillonite hybrid AEMs 
were prepared by Liao et  al.  [11] to evaluate the potential application for anion 
exchange membrane fuel cells (AEMFCs). Compared to the homogeneous 
 polysulfone-based AEM, the hybrid AEM containing 5% montmorillonite modified 
by cetyl trimethyl ammonium chloride displayed lower water uptake, higher ulti-
mate stress, and ion conductivity. It exhibited a hydroxide ion conductivity of 
47.3 mS cm−1 at 95 °C  [11]. A type of novel hybrid AEM was fabricated by Liu 
et al. [12] through incorporating quaternized graphenes (QGs) into the chlorometh-
ylated polysulfone (CMPSU) and followed by quaternization and alkalization. The 
hybrid AEM with 0.5 wt% QCs exhibited a bicarbonate ion conductivity of 
18.7 mS cm−1 at 80 °C, which is nearly four times higher than that of the pristine 
AEM [12]. Moreover, the mechanical strength was also enhanced due to the incorpo-
ration of QCs. The hybrid AEM with 0.25 wt% QCs demonstrated a tensile strength 
as high as 205 MPa [12]. The enhancement in electrochemical and mechanical prop-
erties could be ascribed to the interconnected ionic transfer channels in the hybrid 
AEMs and the good compatibility between the polymer matrix and fillers [12].
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Hu et al. [15] designed a series of hybrid AEMs (Figure 4.1) for alkaline fuel cell 
application by incorporating different amounts of quaternized polymer brush 
functionalized graphenes (QPbGs) into QPSU. Compared to the pristine QPSU 
membranes, the hybrid AEMs containing an appropriate amount of QPbGs could 
maintain higher IEC, water uptake, and ion conductivity but lower methanol per-
meability because of the hydrophilic polymer brushes on QPbGs and the interac-
tion between QPbGs and QPSU [15]. The bicarbonate ion conductivity of hybrid 
AEMs increased with the increasing content of QPbGs and exhibited a bicarbonate 
ion conductivity up to 56 mS cm−1 at 80 °C [15]. By doping the functionalized tita-
nium dioxide (TiO2) with QPSU, Yi et al. [13] prepared a hybrid AEM. The hybrid 
with 5 wt% content of functionalized TiO2 displayed an ion conductivity of 
50.7 mS cm−1 at 95 °C [13]. Miao et al. [18] synthesized a series of hybrid AEMs by 
incorporating quaternized polyhedral oligomeric silsesquioxanes (QPOSS) into the 
QPSU. Compared to the QPSU AEM, a 60% improvement in the hydroxide ion 
conductivity was observed for the QPSU3%–QPOSS [18]. It exhibited a hydroxide 
ion conductivity of 53.6 mS cm−1 at 80 °C [18]. The enhancement of the ion con-
ductivity is attributed to formed ion clusters and connected ion transport channels 
of the hybrid AEMs [18].

The organic–inorganic hybrid AEMs can be fabricated by in situ copolymerization 
of functionalized monomers. Imidazolium-based organic–inorganic hybrid AEMs 
were synthesized by Feng et al.  [14] through in situ copolymerization of 1-vinyl-
3-butylimidazolium bromide ([VBIm][Br]), styrene, acrylonitrile, and 1-vinyl- 
propyl-triethoxysilaneimidazolium chloride ([VPSIm][Cl]), followed by anion 
exchange with hydroxide ions (Figure  4.2)  [14]. The resulting organic–inorganic 
hybrid AEMs demonstrated a hydroxide ion conductivity as high as 41 mS cm−1 at 
30 °C and 90.5 mS cm−1 at 90 °C [14]. Compared to the AEMs without incorporating 
[VPSIm][Cl], the hybrid AEMs exhibited much higher alkaline stability, and the 
hybrid AEMs can survive up to 480 h in 2 M KOH solution at 60 °C [14].
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Organic–inorganic hybrid materials have advantages such as the unique combi-
nation of the remarkable functionality of organic materials with the stability of 
inorganic materials. Although the introduction of an inorganic component into the 
polymer matrix enhanced the mechanical strength of the membranes, the ion con-
ductivity of the hybrid membranes is not enough for application in AEMFCs. 
Enhancement of hybrid membrane properties and better controlling of the mor-
phology have to be done by choosing a suitable organic material and inorganic 
component. 

4.2  Grafted Anion Exchange Membranes

Typically, a grafted membrane is composed of a polymer backbone and  
ion- containing side chains. Generally, the grafted membranes are prepared in two 
steps. The first step is to generate functional groups on the polymer backbones 
employing chemical or physical methods. Subsequently, the ion-containing side 
chains are grafted to the polymer backbones via the functional sites. The optimized 
combination of the polymer backbones and grafts can produce a graft membrane 
which exhibits high ion conductivity, excellent chemical stability, and long-term 
durability in devices.

4.2.1 Radiation-Grafted Membranes 

The preparation of radiation-grafted AEMs starts from polymer films, which are 
exposed to irradiation, and is followed by grafting a functionalized monomer or a 
monomer that can be later functionalized [19–26]. A variety of polymer films, such 
as partially or fully fluorinated films, and polyolefin films, have been employed by 
the researcher to prepare the radiation-grafted AEMs (Figure 4.3) [19–26].

Vinylbenzyl chloride (VBC) is the most frequently used monomer to prepare the 
radiation-grafted AEMs based on partially or fully fluorinated films  [19–21, 26]. 
Generally, the preparation of radiation-grafted AEMs consists of three steps. First, the 
film is irradiated with an electron beam, and after that the irradiated film is immersed 
in vinyl benzyl chloride solution. Subsequently, the resulting grafted poly(vinyl ben-
zyl chloride) copolymer film is converted to quaternary ammonium (QA)-containing 
anion-conductive copolymers by immersing in trimethylamine solution. The last step 
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is an alkaline exchange process carried out by soaking the membrane in NaOH/KOH 
solution. Danks et al. [19] grafted VBC to poly(vinylidenefluoride) (PVDF) and poly 
(tetrafluoroethene-co-hexafluoro propylene) (FEP) polymer films using radiation-
grafting methodology to fabricate grafted AEMs  [19]. The resulting grafted AEMs 
based on PVDF underwent undesirable degradation and were found to be unsuitable 
for preparation of AEMs. The grafted AEM based on FEP-based materials showed 
superior structural stability and ion conductivity up to 20 mS cm−1 at room tempera-
ture  [19]. However, radiation-induced grafting requires large radiation absorbed 
doses to obtain high levels of monomer (e.g. styrene) grafting throughout the whole 
thicknesses of the polymer films, leading to a detrimental reduction of the mechani-
cal strength. In addition, the vinyl benzyl chloride monomer is highly toxic and 
expensive. Therefore, it is desirable to reduce the concentration of VBCs and mini-
mize the absorbed doses (for maximum mechanical stabilities). Wang et  al.  [24]  
synthesized grafted AEMs by the radiation grafting of VBC onto poly(ethylene-co- 
tetrafluoroethylene) (ETFE) films, using the organic-solvent-free method with reduced 
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amounts of both monomer (VBC) concentration and electron-beam radiation 
absorbed dose (Figure 4.3) [24]. By using the grafted AEM, a remarkable peak power 
density of 1.16 W cm−2 at 60 °C was achieved in the H2/O2 AEMFCs test  [24]. 
Inspired by the small-molecule study suggesting that AEMs containing aliphatic 
heterocyclic QA cationic head groups will exhibit enhanced alkali stabilities com-
pared to the benzyltrimethylammonium head group, Ponce-González et  al.  [22] 
synthesized a series of benzyl-linked saturated-heterocyclic QA radiation-grafted 
ETFE-based AEMs in order to enhance the chemical stability. Compared to the 
prior benzyltrimethylammonium benchmark, the resulting benzyl-N- 
methylpyrrolidinium AEM exhibited higher relative alkali stability, ion conductiv-
ity, and in situ fuel cell performance [22].

Fluorinated polymer films are generally less suitable for radiation-induced graft-
ing modification because of detrimental reduction of mechanical strength caused 
by radiation, leading to difficulty in maintaining long-term fuel cell application. 
Wang et al. [23] designed and synthesized radiation-grafted anion-exchange mem-
branes (RG-AEMs) using the peroxidation of (non-fluorinated) low-density polyeth-
ylene (LDPE). Compared to the ETFE-based RG-AEM, the LDPE-based RG-AEM 
demonstrated enhanced mechanical robustness when exposed to alkali at 80 °C, 
yielding higher in situ performances when applied in single-cell AEMFCs  [23]. 
Employing an LDPE-based RG-AEM alongside a Pt-based anode and cathode, a 
peak power density of 1.45  W cm−2 at 80 °C was achieved in the H2/O2 AEMFC 
test [23]. Moreover, with the use of a Ag/C cathode at 80 °C, a peak power density 
of 0.93 W cm−2 at 80 °C was obtained in the AEMFC test [23]. The moderate mechan-
ical properties of LDPE-based RG-AEM limit their commercial application in 
AEMFCs [25]. In order to further enhance the mechanical properties, high-density 
polyethylene (HDPE) was selected as the precursor polymer to fabricate the HDPE-
based RG-AEMs [25]. The switch from employing LDPE to HDPE as a precursor 
film resulted in enhanced cell performance when the AEM was tested in a single-
cell AEMFC [25]. A peak power density of 2.55 W cm−2 at 80 °C was obtained in the 
AEMFC test using HDPE-based RG-AEMs  [25]. Although the radiation-grafted 
AEMs exhibit remarkable performance in AEMFCs, a major challenge in the devel-
opment of high-performance radiation-grafted membranes has generally been over-
coming their poor mechanical properties as the high radiation doses required lead 
to damage of the polymer main chains in the radiation-treated precursor films. 
Moreover, no long-term device performance data were reported for the radiation-
grafted AEMs. 

4.2.2 Side Chain Grafted Membranes

Generally, the preparation of side chain grafted membranes is composed of two 
steps. The first step is to create functional groups on the polymer backbones employ-
ing chemical methods. Subsequently, the ion-containing side chains are grafted to 
the polymer backbones via the Menshutkin reaction [27–39].

Li et al. [27] produced a series of quaternized PPOs containing the terminal pen-
dent n-alkyl group using a Menshutkin reaction (Figure 4.4). Compared to AEMs 
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based on benzyltrimethyl ammonium, the comb-shaped CxDy AEMs exhibited 
higher hydroxide conductivity due to the formation of highly conductive ionic 
domains and phase separation  [27]. More importantly, the comb-shaped AEMs 
demonstrated excellent alkaline stability, and more than 80% of their bicarbonate 
conductivities of the CxDy comb-shaped samples were retained after immersing in 
1 M NaOH solution at 80 °C for 2000 h [27]. Reducing the degree of functionaliza-
tion (DF) while increasing the charge number of the cationic groups was reported 
as a method to balance the ionic conductivity and the other required properties of 
AEMs [28]. Pan et al. [28] investigated a polysulfone (PS)-based AEM with a double 
quaternary ammonium groups (DQAPS) side chain. Compared to common AEMs, 
i.e. quaternary ammonium polysulfone (QAPS), DQAPS enabled higher IECs with-
out increasing the DF and exhibited higher ionic conductivity as well as a lower 
swelling degree and higher chemical stability [28]. Although the DQAPS showed 
promising properties, the previous report did not detail systematic studies to dem-
onstrate the effect of the arrangement of the charges on the performance of the 
AEMs. Zhu et al. [32] synthesized a series of PPO-based AEMs with different kinds 
of cationic side chains to investigate the relationship between the DF, the structure 
of the side chain (charge number and charge arrangement), and the AEM perfor-
mance in terms of ionic conductivity, swelling degree, and chemical stability of the 
material (Figure 4.5) [32]. The highest conductivity, up to 99 mS cm−1 at room tem-
perature, was achieved for a triple-cation side chain AEM with five or six methylene 
groups between cations [32]. In addition to high conductivity, the multication side 
chain AEMs showed good alkaline and dimensional stabilities. Based on the high-
performance triple-cation side chain AEM, a Pt-catalyzed fuel cell with a peak 
power density of 364 mW cm−2 was obtained at 60 °C under 100% relative humidity 
(RH) [32]. In addition, it was found that the multication AEMs exhibited the highest 
ion conductivity with pentyl or hexyl spacers between cationic groups since too 
short or long alky spacers between cations decreases the water uptake, which is of 
great importance to ion transport [36].
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4.2.3 Long-side-chain Grafted Membranes

Typically, the long-side chain grafted AMEs are prepared by grafting long side 
chains to the main polymer backbones via polymerization, followed by functionali-
zation of the long side chains [40–45].

Lin et al. [41] designed and fabricated long-side-chain grafted AEMs composed of 
poly(arylene ether sulfone)s backbone and pendent imidazolium-functionalized 
PPO via chemical graft reaction, bromination, functionalization, and alkalization 
(Figure  4.6). Distinct microphase separation was formed in the long-side-chain 
grafted AEMs because of the hydrophilic/hydrophobic differences between the 
backbone and side chain [41]. Based on the long-side-chain AEM, a Pt-catalyzed 
H2/O2 fuel cell with a peak power density of 56.8 mW cm−2 was achieved at 60 °C 
under 100% RH.
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With regard to the side chain grafted membranes, high ion conductivity, good 
dimensional stability, and excellent chemical stability can be achieved by properly 
tuning the chemical structures of side chains. However, the single-cell performance 
of the side chain grafted AEMs remains unsatisfactory. 

4.3  Interpenetrating Anion Exchange Membranes

Compared to the acidic counterpart proton exchange membranes (PEMs), the 
AEMs typically exhibit inferior properties  [46]. First of all, the lower mobility of 
hydroxide ion and the less-developed morphology of the aromatic polymers com-
pared to perfluorinated structures (such as Nafion®) lead to the lower ion conductiv-
ity of AEMs  [46]. In order to increase the ion conductivity of AEMs while 
maintaining the acceptable swelling ratio, the researchers have employed the cross-
linking and controlled microphase separated strategies [46]. Second, the rigid aro-
matic polymer backbones of AEMs provide good mechanical strength (higher than 
20 MPa), but the flexibility (elongation at break <30%) is usually unacceptable [46]. 
It is well known that the mechanical flexibility and toughness of AEMs is of great 
importance to the long-term fuel cell performance where the device is operated 
under wet–dry cycling conditions. The interpenetrating (semi-interpenetrating) 
polymer networks demonstrates outstanding mechanical strength and flexibility by 
introducing flexible polymer constituents. Thus, the interpenetrating polymer net-
work (IPN) materials have drawn great interest because of the excellent combina-
tion of good mechanical strength, flexibility, and high ion conductivities.

The interpenetrating AEM is based on IPNs (Figure 4.7). An IPNs is a polymer 
comprising two or more networks which are at least partially interlaced on a poly-
mer scale but not covalently bonded to each other [47–50]. The networks cannot be 
separated unless chemical bonds are broken. The semi-interpenetrating AEM is 
based on semi-interpenetrating polymer networks (semi-IPNs) (Figure 4.4). A semi-
IPNs is a polymer comprising one or more networks and one or more linear or 

Semi-IPN IPN

Figure 4.7 Structural representation of semi-interpenetrating polymer networks  
(semi-IPN) and interpenetrating polymer networks (IPN).
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branched polymer(s) characterized by the penetration on a molecular scale of at 
least one of the networks by at least some of the linear or branched macromole-
cules  [46, 51–56]. The constituent linear or branched polymers can be separated 
from the constituent polymer networks without breaking chemical bonds.

4.3.1 Anion Exchange Membranes Based on Interpenetrating 
Polymer Networks (IPN)

Gong et  al.  [47] prepared a type of anion-conducting IPN based on cross-linked 
QPSU and cross-linked PVA for AEMFCs. Compared to the QPSU membrane, the 
IPN demonstrated larger elongation at break and better dimensional and alkaline 
stability. Compared to the QPSU membrane, the swelling ratio of IPN55 at 95 °C 
decreased by nearly 50%, indicating better dimensional stability of the IPN [47]. In 
addition, the IPN55 exhibited an elongation at break as high as 56%, which is 4.5 
times higher than that of the QPSU membrane [47]. Anion-conducting IPN based 
on cross-linked quaternized poly(vinylbenzyl chloride) (PVBC) and cross-linked 
PVA was designed and synthesized by Zeng et  al.  [50] The IPN with the IEC of 
1.61 meq g−1 exhibited a hydroxide conductivity as high as 147.7 mS cm−1 at 80 °C 
because of the formation of a highly efficient ion channel within IPN AEMs [50].  
By using of non-precious oxygen reduction reaction (ORR) catalyst (FeNx-CNTs), 
the IPN AEM demonstrated a peak power density of 0.64 W cm−2 in the H2/Air 
(CO2-free) AEMFC test with 0.2 MPa backpressure [50]. Zeng et al. [49] prepared 
IPN AEM-based cross-linked PVA and cross-linked poly (vinyl benzyl-N-methyl 
piperidinium) (Figure 4.8). The IPN with the IEC of 1.75 meq g−1 demonstrated an 
outstanding hydroxide conductivity of 257.8 mS cm−1 at 80 °C due to the formation 
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of highly efficient ion channels [49]. By using non-precious ORR catalysts (FeNx-
CNTs), the IPN AEM demonstrated a remarkable peak power density of 1.20 W cm−2 
at 60 °C in the H2/Air (CO2-free) AEMFC test with 0.1 MPa backpressure [49].

4.3.2 Anion Exchange Membranes Based on Semi-Interpenetrating 
Polymer Networks (Semi-IPN)

AEMs with semi-IPN based on quaternized chitosan (QCS) and polystyrene (PS) 
were synthesized by Wang et al. [51] by polymerization of styrene monomers in the 
emulsion of the QCS in an acetic acid aqueous solution, followed by post-cross-
linking of the QCS. The swelling ratio of the membranes significantly decreased 
with the increasing content of PS [51]. The QCS-based AEM shows a swelling ratio 
of 555%, while the semi-IPN AEM with 38% PS exhibited a swelling ratio of 63% 
under the same condition [51]. However, the maximum hydroxide ion conductivity 
of the semi-IPN AEMs is only 52 mS cm−1 at 80 °C, which is unsatisfactory for 
AEMFC application [51]. In addition, the incorporation of the PS into the semi-IPN 
reduced the flexibility of the AEMs due to the rigid property of PS [51]. He et al. [52] 
prepared a type of semi-IPN AEM by reinforcing the highly charged benzyltrimeth-
ylammonium polysulfone with a cross-linked poly(styrene-co-divinylbenzene)net-
work in order to maintain a desirable balance between IECs, ion conductivity, and 
dimensional stability (Figure  4.9)  [52]. Compared to the benzyltrimethylammo-
nium polysulfone-based AEMs, the semi-IPN AEM demonstrated significantly 
enhanced dimensional stability (water uptake 75% versus 301% at 25 °C) while 
maintaining good hydroxide ion conductivity (up to mS cm−1 at 25 °C)  [52]. The 
highly charged semi-IPN membranes were stable up to 80 °C while operating in an 
MEA. A peak power density of 236 mW cm−2 under H2/O2 at 80 °C was obtained for 
the QA sIPN-70/30 MEA [52].
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divinylbenzene crosslinks. Source: © Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, 
2015 [52].
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Pan et al. [46] designed a semi-interpenetrating network anion exchange mem-
branes (SIPN AEMs) by introducing a hydrophilic, thiol-ene cross-linked, flexible 
poly(ethylene glycol)-co-poly(ally glycidyl ether) (xPEG-PAGE) network into the 
rigid quaternized poly-(2,6-dimethylphenylene oxide) (BTMA PPO) matrix  [46]. 
Compared to the conventional BTMA PPO membranes, the SIPN exhibited excel-
lent mechanical strength and flexibility due to the presence of both rigid and flexi-
ble polymer constituents [46]. As conventional rigid AEMs, QAPPO-40 demonstrated 
high strength (higher than 20 MPa), but low elongation at break (less than 40%) [46]. 
In contrast, the SIPN-60-2 membrane displayed much higher elongation at break 
(above 90%), while its tensile strength was maintained above 17 MPa [46]. However, 
no fuel cell performance was reported for the SIPN AEMs. Semi-IPN AEMs based 
on quaternized PS copolymer and cross-linked PPO networks were designed and 
fabricated by Xue et al. [54] In this semi-IPN, the quaternized PS ensured the ion 
conductivity, while the cross-linked PPO networks formed by azide-alkyne cycload-
dition under organic base provided the mechanical properties and dimensional sta-
bility [54]. The sIPN-62/30 AEM with the IEC of 1.44 meq g−1 exhibited a hydroxide 
conductivity of 37.2 mS cm−1 at 20 °C, which was much higher than that of a control 
sample fabricated by physical blending (14.8 mS cm−1 at 20 °C) [54]. In addition, the 
semi-IPN AEMs displayed much better mechanical properties than those of the 
control AEMs prepared by physical blending  [54]. A peak power density of 
110.6 mW cm−2 under H2/O2 at 60 °C was achieved for the sIPN-62/30 MEA [54]. 
Yang et  al.  [57] designed and synthesized SIPN AEMs based on quaternized 
 polysulfone/polyquaternium-10 (QPSU/PQ-10), which showed moderate swelling 
ratio, hydroxide conductivity, thermal oxidation stability, and mechanical proper-
ties under optimal condition. A peak power density of 75.6 mW cm−2 under H2/O2 at 
60 °C was achieved for the QP0.5–1 MEA [57].

Research on IPN has generated some promising results. IPNs exhibit a good 
mechanical strength, moderate ion conductivity, and good chemical stability at rea-
sonable cost. Nevertheless, a slow extraction taken place over time was observed 
since the polyelectrolyte is not chemically bound to the other polymer, resulting in 
a loss of ion conductivity  [1]. Therefore, although they are generally better than 
hybrid membranes, IPNs are still unsatisfactory in terms of ion conductivity and 
durability for AEMFC applications. 

4.4  Homogenous Membranes

With the aim of enhancing the stability and mechanical properties of the mem-
branes, extensive research has been undertaken on the design and synthesis of 
homogenous AEMs. In a homogeneous membrane, the cation groups are covalently 
bonded to the polymer matrix. Generally, the synthetic routes of homogenous mem-
branes can be categorized into two pathways: direct polymerization of cationic 
monomers and/or comonomers and post polymerization functionalization, in 
which the cationic moieties are introduced into the polymer matrix. A variety of 
polymer backbones, such as poly(arylene ether)s  [58–61], poly(phenylene)s  [62], 
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poly(styrene)s [63–65], poly(olefin)s [66–69], and poly(phenylene oxide)s [70–73], 
have been employed to prepare homogenous AEMs.

4.4.1 Homogenous Membranes Based on Poly(arylene ether)s

In the reported polymeric materials for homogenous AEMs, poly(arylene ether)s 
have been the most frequently used polymer backbones. Among them, polysulfones 
(PS) have garnered a lot of attention due to their toughness, chemical stability, and 
easy modification. Typically, the preparation of PS-based AEMs consists of three 
steps, as shown in Figure 4.10 [60]. First, chloromethyl groups were introduced to 
the aromatic position of the PS backbone via electrophilic substitution reaction in 
the presence of Lewis acid. Second, chloromethylated PSs reacted with trimethyl-
amine to give the quaternized PSs, which were AEMs in the Cl− form. Finally, the 
quaternized PSs were converted to PS AEMs by immersing in 1 M KOH solution. 
The PS-based AEMs exhibited hydroxide conductivity which was in the order of 
10−2 S cm−1 at room temperature [60].
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In many reports, the PS-based AEMs were prepared via chloromethylation and 
quaternization of the benzylchloromethyl groups. However, producing new 
PS-based AEMs via the chloromethylation reaction has been hindered because of 
the use of toxic and carcinogenic chloromethyl methyl ether. Yan and Hickner [59] 
introduced the benzylmethyl moieties into the polymer during the polymer synthe-
sis, thereby circumventing post-modification of poly(sulfone)s by chloromethyla-
tion (Figure 4.11). The ionic conductivity and water uptake of the PS-based AEMs 
could be tuned over a wide range by controlling the distribution of the cationic 
groups [59].

Mohanty et  al.  [58] reported the preparation of PS-based AEMs by methods of 
iridium-catalyzed C–H borylation followed by palladium-catalyzed Suzuki coupling 
(Figure 4.12). The side reactions could be minimized, and the DF of the polysulfones 
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could be easily controlled due to the use of mild reaction conditions [58]. Compared 
to the corresponding AEM materials prepared via chloromethylation, these kinds of 
AEMs exhibited lower water uptake, while maintaining similar ionic conductiv-
ity [58]. These kind of AEMs exhibited hydroxide conductivity as high as 56 mS cm−1 
in deionized water at 30 °C with IEC = 2.64 mmol g−1 [58].

Gu et  al.  [61] designed and synthesized a quaternary phosphonium-based 
 polysulfone-AEMs: tri(2,4,6-trimethoxyphenyl) polysulfone-methylene quaternary 
phosphonium hydroxide (TPQPOH) (Figure  4.13), which was soluble in  
low- boiling-point water-soluble solvents. For this kind of AEMs, hydroxide conduc-
tivity as high as 45 mS cm−1 could be achieved in deionized water at 30 °C with 
IEC = 1.17 mmol g−1 [61]. The H2–O2 fuel cell based on TPQPOH AMEs using Pt/C 
as catalysts exhibited a peak power density of 258 mW cm−2 at 70 °C [61]. Although 
TPQPOH AEMs demonstrated high ionic conductivity, the large swelling ratio at 
elevated temperature could not ensure the mechanical strength of the AEM materials 
during the fuel cell operating conditions. 
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4.4.2 Homogenous Membranes Based on Poly(styrene)s

Zeng et  al.  [63] synthesized AEMs using polystyrene-block-poly( ethylene- 
ran-butyl)-block-polystyrene (SEBS) as the starting material (Figure 4.14). Chloromethyl 
groups were introduced into the SEBS by using paraformaldehyde and hydrochloric 
acid in the presence of ZnCl2 catalyst  [63]. The reaction of chloromethyl groups 
with trimethylamine gave the quaternized SEBS which was converted to an AEM by 
immersion in 1 M KOH solution [63]. This kind of AEMs exhibited low hydroxide 
conductivity (9.37 mS cm−1) in deionized water at 80 °C due to the low IEC [63].

Mohanty et al.  [65] reported AEMs based on the chemically stable and elasto-
meric triblock copolymer, polystyrene-b-poly(ethylene-co-butylene)-b-polystyrene 
(SEBS), which demonstrated high hydroxide conductivity and chemical stability 
(Figure 4.15). The SEBS triblock copolymer was functionalized via iridium- catalyzed 
aromatic C–H borylation and palladium-catalyzed Suzuki cross-coupling. This kind 
of AEM exhibited hydroxide conductivity as high as 45 mS cm−1 in deionized water 
at 30 °C with IEC = 2.41 mmol g−1 [65]. The H2–O2 fuel cell of the MEA based on 
quaternized SEBS using Pt/C as catalysts exhibited a peak power density of 
240 mW cm−2 at 80 °C [65]. These membranes showed a high hydroxide conductiv-
ity (86.1 mS cm−1 at room temperature). Zhu et al. [64] prepared homogenous AEMs 
based on quaternized diblock copolystyrene containing a fluorinated hydrophobic 
block [64]. The PS-based AEMs exhibited a hydroxide conductivity up to 86.1 mS cm−1 
at room temperature due to the enhanced hydrophilic–hydrophobic discrimination 
between the different polymer segments upon introduction of fluoro- or 
 pentafluoro-substituted benzene groups [64].

4.4.3 Homogenous Membranes Based on Poly(2,6-dimethyl-
1,4-phenylene oxide)

PPO is a good polymer membrane backbone candidate for its high thermal, mechan-
ical, and chemical stabilities. Additionally, it is possible to have modifications on 
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Figure 4.13 Chemical structure of the tri(2,4,6-trimethoxyphenyl) polysulfone-methylene 
quaternary phosphonium hydroxide (TPQPOH). Source: © Wiley-VCH Verlag GmbH & Co. 
KGaA, Weinheim, 2009 [61].
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both aryl and benzyl positions because of its unique repeat unit structure [74]. For 
example, reactions such as the free-radical substitution of hydrogen from the benzyl 
position of PPO; electrophilic substitution on the aryl positions of PPO; metalation 
of PPO with organometallic compounds; modification and functionalization of PPO 
from the terminal hydroxyl groups are possible [74].

Yang et  al.  [71] synthesized poly (2,6-dimethyl-1,4-phenylene oxide)-b-poly 
(vinylbenzyltrimethylammonium) diblock copolymer-based AEMs through grow-
ing PVBC blocks from a PPO macroinitiator using nitroxide-mediated polymeriza-
tion, shown in Figure 4.16. These kind of AEMs exhibited hydroxide conductivity as 
high as 132 mS cm−1 in deionized water at 60 °C with IEC = 2.9 mmol g−1 [71]. In 
addition, no significant loss of hydroxide conductivity was observed for the AEMs 
after exposure to 1 M KOH over 13 days at 60 °C [71].

x xy y
CH2-CH2CH2-CH CH2-CH CH2-CH

CH2

(CH2O)n/HCl

ZnCl2

CH2ClCH2Cl

CH3

+ –

+ – + –

+ –

x xy y
CH2-CH2CH2-CH CH2-CH CH2-CH

CH2

CH3

x xy y
CH2-CH2CH2-CH CH2-CH CH2-CH

CH2

CH3

x xy y
CH2-CH2CH2-CH CH2-CH CH2-CH

CH2

CH3

Chloromethylation

N(CH3)3/H2O

CH2N(CH3)3Cl CH2N(CH3)3Cl

CH2N(CH3)3OHCH2N(CH3)3OH

Quaternization

KOH/H2OAlkalization

Figure 4.14 Synthetic strategy of SEBS AEMs. Source: © Elsevier, 2010 [63].
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Yang et  al.  [73] synthesized AEMs based on functionalized PPO with quaternary 
ammonium side chains via flexible spacers (gQAPPO) by Suzuki–Miyaura coupling 
reaction, quaternization, and alkalization (Figure 4.17). When the IEC was 1.78 mmol g−1, 
the gQAPPO exhibited hydroxide conductivity of 0.027 and 0.063 S cm−1 at 30 and 
70 °C, respectively  [73]. The gQAPPO retained more than 90% of their hydroxide 
conductivities after immersing in 1 M NaOH solution at 60 °C for 168 h [73].

Dang et  al.  [72] reported AEMs based on PPO modified with heptyltrimethyl-
ammonium side chains (PPO-7Q) via lithiation, bromoalkylation, and quaterniza-
tion (Figure  4.18). Compared to the corresponding benzyltrimethylammonium 
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functionalized polymer, significantly enhanced ionic conductivity and alkaline sta-
bility were observed for the PPO-7Q with QA groups via flexible alkyl spacers [72].  
The phase-separated PPO-7Q AEMs reached a hydroxide conductivity of 0.035 S cm−1 
at 20 °C and higher than 0.085 S cm−1 at 80 °C in water [72]. After exposure to 1 M 
NaOH at 80 °C for 196 h, no detectable degradation was observed for the PPO-7Q, 
suggesting their high performance as AEMs [72]. They had a systematic study including 
PPO-based AEMs functionalized with 1-methylazepanium, 1-methylpyrrolidinium,  
1-methylmorpholinium, quinuclidinium, as well as 1-methyl-, 1,4-dimethyl-, 
1,3,5-trimethyl-, and 1,2,6-trimethylpiperidinium [70]. The results demonstrated the 
quaternary piperidinium and quinuclidinium functionalized AEM materials showed 
the best overall properties [70].

4.4.4 Fluorene-Containing Homogenous Membranes

AEMs containing fluorenyl groups have been proven to not only have good chemi-
cal, thermal, and chemical stability, but these types of AEMs have also been shown 
to have high hydroxide ion conductivity [75–78].

Tanaka et  al.  [76] synthesized poly (arylene ether)s containing quaternized  
ammonia-substituted fluorene groups via block copolycondensation of fluorene-
containing oligomers and oligo(arylene ether sulfone ketone)s (Figure 4.19). The IEC 
of the AEMs could be tunable over a wide range due to the large amount of quater-
nizable positions on fluorene-containing units [76]. When the IEC was 1.93 mmol g−1, 
the AEM-containing multiblock exhibited hydroxide conductivity as high as 
0.144 S cm−1 at 80 °C [76]. Tanaka et al. [76] ascribed the high ionic conductivity to 
developed hydrophobic/hydrophilic phase separation and interconnected ion trans-
port channels, facilitating the ion transport efficiency. The hydrazine/O2 fuel cell per-
formance of the MEA exhibited a peak power density of 297 mW cm−2 at 80 °C [76].

Lee et al. [77] reported novel fluorene-based AEMs with long alkyl-tethered QA 
groups on the side chains via Pd(PPh3)4-catalyzed Suzuki couplings (Figure 4.20). 
Compared to the aryl ether-containing polymers, degradation of the polyfluorene 
(PF) backbone in the strong alkaline conditions was largely restrained due to the 
replacement of C―O bonds on the polymer backbones  [77]. The fluorene-based 
AEMs exhibited hydroxide conductivity up to 0.124 S cm−1 at 80 °C with IEC  =   
3.59 mmol g−1  [77]. The 1H NMR degradation study of the fluorene-based AEMs 
demonstrated that there was no backbone degradation or ammonium group loss 
after exposure to 1 M NaOH at 80 °C for 30 days, suggesting the excellent thermo-
chemical stability in alkaline conditions [77]. Recently, Xu et al. [78] prepared ether-
free PF bearing pendent piperidinium groups (PFPE-Pi) via Pd(PPh3)4-catalyzed 
Suzuki couplings. The H2/O2 fuel cell performance of the MEA exhibited a peak 
power density of 661 mW cm−2 under 100% RH at 80 °C [78].

4.4.5 Homogenous Membranes Based on Polyolefins

Recently, poly(olefin)-based AEMs has been extensively studied since the polymer 
backbones contain no heteroatoms [66–69]. Kostalik et al. [69] reported a solvent 



4.4  omogenoos Membranes 87

processable, tetraalkylammonium-functionalized polyethylene-based AEMs through 
the ring-opening metathesis polymerization (ROMP)  [69]. The AEMs was syn-
thesized from tetraalkylammonium-functionalized monomer and cyclooctene by  
using Grubb’s second-generation catalyst. These kind of AEMs exhibited 
hy drox ide conductivity as high as 40 mS cm−1 in deionized water at 20 °C with 
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IEC = 1.29 mmol g−1 [69]. In the development of highly chemically stable AEMs, 
Noonan et al. [68] designed a new kind of highly chemically stable AEMs based on 
tetrakis(dialkylamino)phosphonium-functionalized polyethylene due to the excel-
lent chemical stability of bulky [P(N(Me)Cy)4]+  [68]. The tetrakis(dialkylamino)
phosphonium-functionalized AEM exhibited a hydroxide conductivity of 22 mS cm−1 
in deionized water at 22 °C with IEC = 0.67 mmol g−1. No significant loss of hydrox-
ide conductivity was observed for the AEMs after exposure to 15 M KOH for 20 weeks 
at room temperature [68].

Recently, poly(olefin)-based AEMs prepared by Ziegler–Natta polymerization 
have become a target because of easy and low-cost preparation. Zhu et  al.  [39] 
designed and synthesized poly(olefin)-based AEMs with three cations per side 
chain and boosted the hydroxide ion conductivities up to 115 mS cm−1 under 95% 
RH at 80 °C. Using these triple-cation poly(olefin) AEMs, they demonstrated a fuel 
cell with a peak power density of 0.94 W cm−2 under H2/O2 at 70 °C. To obtain con-
sistently high performance and steady-state operation, Zhu et  al.  [66] designed  
fluorine-substituted poly(olefin)-based AEMs (Figure 4.21). Using this new genera-
tion of AEMs, they demonstrated a stable and high-performance AEMFC, which 
was subjected to a constant current density of 600 mA cm−2 under H2/O2 flow for 
120 h [66]. 

4.4.6 Other Kinds of Homogenous Membranes

Thomas et al.  [79] prepared a stable hydroxide-conducting membrane based on 
benzimidazolium hydroxide via methylation of poly(benzimidazole) (Figure 4.22). 
Traditionally, the hydroxide form of poly(benzimidazole) was shown to be unsta-
ble under alkaline conditions [79]. This polymer was stabilized by steric crowding 
around the labile benzimidazolium C2 position. The resulting AEMs exhibited a 
hydroxide conductivity up to 0.013 S cm−1 at 20 °C with an IEC = 1.0 mmol g−1 [79]. 
Yang et  al.  [80] synthesized a new type of AEMs containing the V-shape rigid 
Tröger’s base unit. The resulting AEMs exhibited high hydroxide conductivity at 
relatively low IEC, as well as a high swelling resistance and chemical stability. It 
demonstrated a hydroxide conductivity as high as 164.4 mS cm−1 at 80 °C with an 
IEC = 0.82 mmol g−1 [80]. Olsson et al. [81] designed and synthesized a series of 
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aliphatic polyelectrolytes based on different N-spirocyclic QA cations by radical-
initiated cyclo-polymerizations of N,N-diallylazacycloalkane quaternary salts. 
The poly(N,N-diallylpiperidinium) demonstrated high alkaline stability, with only 
minor degradation at 120 °C under alkaline conditions  [81]. In addition, the 
resulting AEMs showed hydroxide conductivity above 100 mS cm−1 at 80 °C [81]. 
Pham et  al.  [82] prepared N-spirocyclic QA ionenes (spiro-ionenes) containing  
5- and 6-membered rings fused by central nitrogen cations. The resulting AEMs 
exhibited excellent thermal and alkaline stability with no degradation observed 
after 1800 h treatment in 1 M KOD/D2O at 80 °C [82]. Pham et al. [83] prepared 
AEMs based on copoly(biphenyl alkylene)s carrying N-spirocyclic QA cations, 
which was synthesized by superacid-mediated polycondensation involving piperi-
done, biphenyl, and trifluoromethylketones, followed by cyclo-quaternization of 
the piperidine rings. The resulting AEMs showed both high hydroxide conductiv-
ity and chemical stability [83].

It is reported that both interstitial spacers and terminal pendent n-alkyl groups 
enhanced the stability of the tetraalkylammonium, but the interstitial spacers seem 
to make the greatest contribution to eliminate the benzyl substitution in the benzyl-
linked ammonium small molecules and polymers  [84]. Inspired by these results, 
Zhu et al. [75] designed fluorene-containing side chain AEMs (Figure 4.23) in order 
to obtain n-alkyl interstitial spacers tetraalkylammonium cations AEMs. The flu-
orene side chain containing membranes showed considerably higher hydroxide ion 
conductivities, up to 176 mS cm−1 at 80 °C, compared to that of typical AEMs based 
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Figure 4.22 Chemical structure of hydroxide-conducting AEMs based on benzimidazolium 
hydroxide. Source: © American Chemical Society, 2012 [79].
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on the benzyltrimethylammonium motif. The long-term alkaline stability of the 
AEMs was evaluated by treating the AMEs with argon-saturated 1 M NaOH solu-
tion at 80 °C for 1000 h [75]. Only 7.0% hydroxide conductivity degradation in the 
was AEMs observed after the testing period, which clearly indicates that the  
fluorene-containing AEMs have excellent stability under alkaline conditions [75].

Wu et al. [85] prepared a branched poly(aryl piperidinium) AEM (Figure 4.24), 
which exhibited high hydroxide conductivity, low swelling ratio, and desirable 
mechanical properties. Using these AEMs, they demonstrated a fuel cell with a peak 
power density of 2.3 W cm−2 under H2/O2 at 60 °C [85]. The AEMFCs based on the 
membranes run stably over 500 h, indicating their promising applications in 
AEMFCs  [85]. In order to enhance the mechanical properties of the poly(aryl- 
co-aryl piperidinium) (c-PAP) AEMs, Chen et al.  [86] prepared a series of in situ 
styrene-crosslinked c-PAP (x-PAP-PS) membranes, which exhibited hydroxide con-
ductivity (>150 mS cm−1 at 90 °C), tensile strength (>80 MPa), and chemical and 
mechanical stability (~90% remain of ion conductivity and mechanical strength 
after treatment in 1 M NaOH at 80 °C for 2160 h). Using the x-PAP-PS membrane, 
they demonstrated a stable AEMFC, which was subjected to a constant current den-
sity of 400 mA cm−2 under H2/O2 flow for 120 h [86].

Research on the homogenous membranes has generated some AEMs which dem-
onstrated high performance in the device, including the high peak power density 
and long-term durability. Some of the results are very promising for large-scale 
applications in AEMFCs. In order to achieve the low-cost, durable, commercially 
viable AEM materials, more researches need to be focused on how to scale up the 
promising AEMs and manufacture in large quantities.

4.5  Conclusions

For the hybrid membranes, the organic parts typically provide the electrochemical 
properties, and the inorganic ones ensure the mechanical strength. However, the 
heterogenous membrane usually demonstrates relatively low hydroxide conduc-
tivities, hindering their application on fuel cells. The optimized combination of 
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the polymer backbone and grafts can provide a graft membrane which exhibits 
both high hydroxide ion conductivity and chemical stability, resulting in high-
performance devices. It is well-known that the mechanical flexibility and tough-
ness of AEMs is of great importance to the long-term fuel cell performance where 
the device is operated under wet–dry cycling conditions. The IPNs demonstrate 
outstanding mechanical strength and flexibility because of containing both rigid 
and flexible polymer constituents. Thus, the IPNs materials have drawn great 
interest because of the excellent combination of good mechanical strength, flexi-
bility, and high ion conductivities. Although they are generally better than hybrid 
membranes, IPNs are still unsatisfactory in terms of ion conductivity and durabil-
ity for AEMFC applications. By tuning the structures of polymer backbones and 
side chains, the homogeneous membranes have shown high ion conductivity, 
excellent chemical stability, and great performance in devices. The homogenous 
membrane is regarded as the most promising candidate for AEMFC because of its 
great cell performance and easy preparation.
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5.1  Introduction

In this century, fuel cell technologies are receiving increasing attention. They are 
considered to be energy-generating resources with the ability to address the global 
energy issue without causing environmental harm. With the production of heat and 
water, fuel cells transform chemical energy found in tiny molecules like hydrogen 
and methanol straight into electrical energy. Electricity is produced by fuel cells as 
long as the fuel is available. It has been determined that fuel cell technology is more 
environmentally friendly since it lessens the geopolitical effects of using nonrenewa-
ble fossil fuels. The energy efficiency of a fuel cell is high as 60% in converting electri-
cal energy, highlighting a >90% reduction in the generation of major pollutants. [1]

The working principle of a typical fuel cell can be divided into three steps. (i) Gas 
fuel such as hydrogen flows into the anode side of the fuel cell, where the platinum 
catalyst facilitates its oxidation producing hydrogen ions (protons) and electrons, 
(ii) diffusion of these protons toward the cathode through a membrane which sepa-
rates the cathode and anode, (iii) reduction of these hydrogen ions combined with 
oxygen and electron from the assistance of platinum catalyst to form water.

The fuel cells in general are divided into five different categories: (i) polymer elec-
trolyte membrane fuel cells (also called PEFCs), (ii) solid oxide fuel cells (SOFCs), 
(iii) alkaline fuel cells (AFCs), (iv) phosphoric acid fuel cells (PACs), and (v) molten 
carbonate fuel cells (MCFCs).

Among these fuel cells, proton-exchange membrane fuel cell (PEMFC) has achieved 
wide appreciation and development during the past decade. It is commercialized in 
vehicles, military equipment, portable devices, and so on. But the use of noble metal 
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catalysts in PEMFC makes it very costly, and also the electrodes are prone to damage 
caused by CO or other impurities in the fuel. An alternative to PEMFC is an alkaline 
anion-exchange membrane fuel cell (AAEMFC) which is currently receiving wide 
attention, while AAEMFC possesses enhanced electrochemical kinetics of the oxy-
gen reduction reaction (ORR) and could work with a non-precious electrode, which 
makes it more affordable to use. But the membrane electrode assembly (MEA) 
where the electrolyte membranes are sandwiched between two bipolar plates, as 
well as the inflow of the fuel and operation conditions are similar for both PEMFC 
and AAEMFC (Figure 5.1). In AAEMFC, the ORR is more facile compared to that 
in PEMFC due to the alkaline conditions with the aid of non-precious ORR catalysts 
like nickel cobalt and silver or transition metal oxides. Also, the fuel crossover could 
be more suppressed in an AAEMFC. However, PEMs typically exhibit better ionic 
conductivity and durability than AEMs and are more commercialized. A sudden 
resurgence in AAEMFC research and development is as it may provide an inexpen-
sive fuel cell technology.

In a fuel cell MEA, the electrolyte membrane plays an essential role in permeating 
ionic charges without passing the fuels and electrons through it. Common membrane 
materials are perfluorinated polymer, non-fluorinated or hydrocarbon polymer, and 
natural polymer. The overall performance of a fuel cell is decided to a large extent by 
the mechanical stability, ionic conductivity, power output, and longevity of these 
electrolyte membranes. Intense research has been going into the designing of specific 
electrolyte polymeric membranes which could outperform commercial membranes 
in fuel cell applications. This chapter illustrates some major similarities and dissimi-
larities between proton-exchange membranes and anion-exchange membranes 
(AEMs) and how it is affecting the overall performance of corresponding fuel cells.

5.2  Proton Exchange Membrane (PEM)

Proton-exchange membranes (PEMs) or polymer electrolyte membranes are semi-
permeable membranes that conduct cations, especially protons, and also act as a bar-
rier for the mixing of reactants across the membrane [2]. PEMFCs have high energy 
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Figure 5.1  Comparison of AAEMFC and PEMFC working principles.
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and power density, excellent scalability, efficient energy conversion, pollutant-free emis-
sion, noiseless operation, and low operation temperature. These advantages make 
PEMFCs a next-generation device in the field of renewable energy [3].

5.2.1 Classification of PEM Membranes Based on the Materials 
of Synthesis

Based on the materials used in synthesis, the polymer electrolyte membranes are 
classified into three main groups: perfluorinated ionomers (or partially perfluori-
nated), nonfluorinated hydrocarbons (including aliphatic or aromatic structures), 
and acid–base complexes. In Figure 5.2, the classification of membranes based on 
materials (perfluorinated, partially fluorinated, and non-fluorinated) and prepara-
tion methods (acid–base blends and others) has been shown [4].

5.2.1.1 Perfluorinated Ionomeric Membranes
These membranes have high equivalent weight (EW) and consume high power den-
sity [5]. The backbones of these small chain polymers have strong C―F bonds with 
a highly electronegative fluorine atom and hence possess low polarizability. The 
reasonable thermal stability, chemical inertness, and enhanced acidity of the sul-
fonic acid group in CF2SO3H make these polymeric membranes an excellent candi-
date for proton-exchange membranes  [6]. These membranes are prepared by 
polymerizing monomers that contain a moiety that can be converted to either a cati-
onic or an anionic state by additional processing. Dupont developed these mem-
branes with good chemical and thermal stability and named as Nafion (shown in 
Figure  5.3). Even though many other polymers like Flemion produced by Asahi 
Glass and Aciplex-S produced by Asahi Chemical were introduced into the market, 
Nafion is considered superior owing to its high proton conductivity, chemical inert-
ness, and mechanical stability [7].

The Nafion membrane is one of the most widely used PEMs in PEMFCs. Nafion 
consists of a hydrophobic perfluorinated polyethylene backbone and a highly hydro-
philic sulfonic acid-terminated perfluoro vinyl ether pendant [8]. Nafion has high 
proton conductivity (0.13 S cm−1 at 75 °C), 100% relative humidity [RH]), chemical 
stability, and longevity (>60 000 h) in a fuel cell environment [9]. The sulfonate group 
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in Nafion has been chemically grafted into the polytetrafluoroethylene (PTFE) or 
Teflon backbone. These ionic groups have caused the absorption of a large amount of 
water by the polymer which in turn leads to the hydration of the polymer. Therefore, 
the factors affecting the performance of the suitable proton-exchange membrane  
are the level of hydration and thickness of the membrane which plays an important 
role in deciding their suitability for their application in the fuel cell [10]. Hence the 
unique structure of the Nafion membrane renders its long-term stability in oxidative 
and reductive conditions [11]. Various categories of Nafion membranes are available 
to cover the market needs for electrolyzers and their various operating conditions. 
Nafion HP, Nafion 211, Nafion Xl, Nafion 212, Nafion 115, Nafion 117, Nafion 1110 
are some of the categories of Nafion membranes currently available in the market. 
These membranes differs in their thickness, mechanical strength, water uptake 
capacity, etc. The thickness of the membrane directly affects the pressure difference 
across the membrane and the operating lifetime. Thicker membranes are more 
appropriate for very high differential pressure applications or very long operating 
lifetime, while thin membranes are for fuel cells with negligible differential pressure 
across the membrane. 

5.2.1.2 Partially Fluorinated Hydrocarbon Membranes
The high cost and high methanol permeability of perfluorinated membranes lead  
to the development of membrane which is impermeable to methanol and more 
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economic as well. Poly(vinylidene fluoride) (PVDF) is a partially fluorinated poly-
mer that has been widely used in batteries as well as in fuel cells [12]. PVDF-g-PSSA 
membranes prepared by solution grafting technique have shown high proton con-
ductivity, water uptake, and lower oxygen solution ability compared to Nafion mem-
branes  [13]. When nano-Al2O3 is doped to PVDF before grafting, the resulting 
PVDF-g-PSSA membranes doped with Al2O3 had shown lower methanol permeabil-
ity [14]. Mordenite-incorporated polyvinyl alcohol (PVA)–polystyrene sulfonic acid 
(PSSA) blend also exhibits mitigate methanol permeability [15].

5.2.1.3  Non-fluorinated Hydrocarbon Membranes
Non-fluorinated hydrocarbon polymers can be aliphatic or aromatic polymers hav-
ing an aromatic ring in the backbone or as a pendant group. The hydrocarbon poly-
mers used here are less expensive, easily available, and introduce polar sites around 
the pendant groups  [16]. The polar groups in the polymeric chain facilitate high 
water absorption over a wide temperature range. Also, proper molecular design is 
recommended to diminish the decomposition of hydrocarbon polymers [16a].

To achieve high thermal stability for hydrocarbon membranes, either aromatic 
hydrocarbons are incorporated into the backbone of hydrocarbon polymer or 
introducing polymers with bulky groups in the backbone  [16b, 17]. Due to the 
presence of inflexible and bulky aromatic groups, polyaromatic hydrocarbons are 
rigid polymers with high thermal stability with Tg > 200 °C. The aromatic rings in 
the backbone of these polymers are likely to undergo electrophilic or nucleophilic 
substitution  [18]. Some of the popular main chain polyaromatics are polyether 
ketones (PEK), polyether sulfones (PESF), polyimides, poly (arylene ether), and 
polyesters. The extra thermal stability of polyaromatic hydrocarbons as well as 
environmental friendliness makes them a suitable candidate for proton-exchange 
membranes. Recently Pemion™ a sulfo-phenylated polyphenylene-based cation-
exchange material, based fuel cell has been identified as a next-generation fuel cell 
for heavy-duty or aeronautic applications [19]. 

5.2.1.4 Acid–Base Complexes
Membranes based on acid–base complexes possess high proton conductivity at ele-
vated temperatures. This is due to the incorporation of an acid component into the 
alkaline polymer base. [16b] Here an alkaline polymer is doped with an amphoteric 
acid which could act as both proton donor and acceptor, which in turn facilitate 
proton migration [20]. In this type of complex, strong acids like phosphoric acid or 
sulfuric acid connect with basic functionalities in the polymer backbones through 
hydrogen bonding or protonation. These strong acids possess unique proton con-
duction mechanisms through self-ionization and self-dehydration even in their 
anhydrous state. The basic polymers act as a medium for this acid functionality and 
increase its dissociation through the interaction which results in enhanced proton 
conduction [21].

Some of the basic polymers that have been investigated for preparing acid–base 
electrolytes are PVA  [22], Nylon  [23], polyethyleneimine (PEI)  [24], polyethylene 
oxide (PEO) [25], polyacrylamide (PAAM) [26], and poly(diallyl dimethyl ammonium)-
dihydrogen phosphate, (PAMA + H2PO4)  [27]. But unfortunately, these acid–base 
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complexes failed to perform well at high temperatures. At high temperatures either 
they lose mechanical stability or proton conductivity. The polybenzimidazole (PBI/
H3PO4) membrane doped with phosphoric acid appears to be the most effective high-
temperature system to date  [28]. The ionic crosslinking (electrostatic forces) and 
hydrogen bonding interactions between acid and base polymers, markedly control the 
membrane swelling without altering flexibility. Hence these membranes displaying 
low water absorption, diminished methanol permeability, high proton conductivity, 
good thermal stability, and high mechanical flexibility and strength were considered 
excellent membrane for developing low-cost high performing fuel cells [29]. 

5.2.2 Preparation Methods of PEM

When it comes to the commercialization and marketing of fuel cell technology, the 
development of cost-effective functional materials for various components is of 
prime importance. PEM is one of the major contributors to the cost of fuel cells 
along with noble metal catalysts. Hence researchers always look to fabricate a low-
cost but highly efficient PEM. The methods of preparation and fabrication of PEM 
are generally classified as follows: (i) grafting polymerization method using γ-ray 
irradiation, (ii) plasma-induced grafting polymerization method, (iii) crosslinking 
method, (iv) sol–gel method, and (v) direct polymerization of monomers [30].

Graft polymerization employing γ-ray irradiation could initiate a polymerization 
without any chemical initiators or catalysts. The grafting is initiated by creating 
active sites on the base polymer matrix by high-energy γ-ray irradiation. The base 
membranes here act as a hydrophobic host which restrains water absorption and 
gives mechanical stability to the grafted membrane. Three steps are involved in 
grafting polymerization: (i) Pre-irradiation step: In this step, the base polymer for 
example polyethylene tetrafluoroethylene (ETFE) film is pre-irradiated in an inert 
atmosphere to create active sites and thereby get activated for the grafting process. 
(ii) Substitution stage: In this stage monomers of our choice are introduced to get 
grafted onto the active site formed in the base polymer. (iii) In this last stage the 
grafted polymer is sulfonated in chlorosulfonic acid solution to introduce the sul-
fonic acid group. [30a]

Plasma-induced grafting polymerization is introduced to prepare ultrathin 
 proton-exchange membranes (in about 1 μm) with low resistance and a sharp reduc-
tion in methanol permeability. It is widely used to create miniaturized fuel cells. 
Plasma-polymerized films display a high degree of cross-linking. Hence energy of 
plasma is monitored to control the degree of crosslinking, as increased crosslinking 
may reduce the proton conductivity. The structure of plasma-induced grafted poly-
mer membranes is denser compared to membranes prepared via conventional meth-
ods. Hence it prevents methanol crossover through the grafted membrane [31].

The cross-linking method is used to prepare three-dimensional networking in the 
membrane to reduce the methanol crossover. In this method, a membrane without 
any charge is charged by crosslinking with a charged organic group. This crosslink-
ing improves the thermal as well as the chemical stability of the proton-exchange 
membrane [32].
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The sol–gel method was employed for the preparation of inorganic–organic 
hybrid membrane materials. In this method, a metallic alkoxide sol is then intro-
duced into a polymer matrix. Later by the addition of water, these metallic alkoxides 
get condensed to form metallic nanoparticles linked with the polymer chain to form 
a gel-like network and ultimately resulted in the dispersion of metal nanoparticles 
in the polymer matrix [33]. 

Also, some proton-exchange membranes could be prepared by the traditional 
method of in situ direct polymerization of respective monomers like styrene or di-
vinyl benzene, followed by sulfonation to introduce sulfonic groups into the side 
chain. To avoid post sulfonation step, sulfonated monomers are also subjected to 
direct polymerization [34].

5.2.3  Proton Transport Mechanism in PEM

PEM transport of protons across the membrane occurs via the following mecha-
nisms: Grotthus mechanism (hopping mechanism) and vehicular mechanism (dif-
fusion mechanism) [35]. In the Grotthus mechanism, the steady hopping of protons 
from proton donors to proton acceptors is the prime mode of proton conduction via 
hopping. The sulfonic acid group present in the side chain of polymeric membranes 
plays a vital role in this hopping mechanism. When the membranes get hydrated, 
the sulfonic acid groups dissociate to form transportable proton and sulfonate, 
anion group. The fluorine atoms in the backbone of Nafion-like membranes con-
verged to form a hydrophobic domain as well as these sulfonate anionic group clus-
ters give rise to a hydrophilic domain. The protons hop from one sulfonate anion to 
the nearest water molecule or another sulfonate anion. For sulfonic acid membranes 
other than Nafion-like membranes, the only difference is in the hydrophobic domain 
where the fluorine backbone is replaced by aromatic hydrocarbon backbones. Some 
commonly used sulfonated proton-exchange membranes were sulfonated poly(ether 
ether ketone) (SPEEK) and sulfonated polysulfone (SPSU) [36].

In vehicular mechanism proton in the form of hydronium cation or H3O+ diffuses 
through the aqueous medium in response to the external electrochemical differ-
ence. Due to the electroosmotic drag, each protonated water molecule carries two or 
more water molecules along with them across the membrane [37]. Transportable 
protons associate with water molecules to form various cationic species like hydro-
nium ions, Zundel cations, and Eigen cations, which are easily diffused into the 
hydrophilic domains for transportation [38]. But when it comes to composite mem-
branes, the transport mechanism is entirely different and much more complex.

5.2.4 Current State of Art of PEM

Even though Nafion remains one of the most widely commercialized PEM, poor 
proton conductivity at elevated temperatures restricted its application in many 
fields [39]. This is due to the restriction of water channels to conduct protons due to 
dehydration at elevated temperatures  [40]. Based on the operating temperatures 
PEMs could be classified as low-temperature PEMs (functional in the range 60–80 °C)  
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and high-temperature PEMs (functional in the range 100–200 °C). Among them, 
high-temperature PEMs are in high demand. Hence researchers are more engaged 
in developing high-temperature PEMs, which could win over Nafion which cannot 
work beyond a certain temperature. Even the incorporation of additives to pure 
Nafion had shown improved properties. Low-cost membranes retaining the proton 
conductivity and mechanical properties of Nafion under low-temperature operating 
conditions are the primary concern in the development of polymeric electrolyte 
membranes. When inorganic fillers like phosphor-tungstic acid were incorporated 
into the Nafion membrane, they facilitate greater water retention capability by reduc-
ing the vapor pressure [41].

Good electrochemical and mechanical stability as well as high proton conductiv-
ity under low humidity conditions are ideal for an excellent proton-exchange mem-
brane [42]. One of the main strategies to increase the power density of fuel cells is 
to reduce the thickness of perfluorosulfonic acid (PFSA)-based membranes. The 
reduction in thickness reduces the water transport pathway and thereby increases 
the proton conductivity. But their mechanical instability and chances of electro-
chemical degradation remain a bottleneck for their development  [43]. The first- 
generation MIRAI is one such example, of an ultrathin membrane (10 μm) which 
even possesses self-humidification properties to avoid anode dryness. In MIRAI 
they used a porous-medium flow field over the cathode gas diffusion layer (GDL) to 
ensure good mechanical support for the thin PEM film. [42, 44] When it comes to 
second-generation MIRAI (GORE-SELECT Membrane [45]), they have achieved a 
thinner version of PEM, with improved performance and mechanical durability by 
the addition of cerium salt [46]. This patented work is a promising note for future 
high-performance PEMFCs. Various modified perfluorinated and partially fluori-
nated membranes which could facilitate PEMFC operation under low-humidity and 
high-temperature (>80 °C) conditions were reported  [47]. PTFE-reinforced per-
fluorinated membranes exhibit improved mechanical stability when made into thin 
films for PEM [44].

Other promising alternatives for perfluorinated proton-exchange membranes were 
sulfonated hydrocarbon polymers like sulfonated poly (ether sulfone) (SPES) [48], 
sulfonated poly (ether ketones) [49], sulfonated polyimides (SPIs)  [45], and sul-
fonated polyphenylene-based PEMs  [50]. Their high proton conductivity at high 
temperatures and humidities made them an excellent choice for proton-exchange 
membranes. When compared to PFSA, some sulfonated membranes have low con-
ductivity at low humidity conditions (<40% RH) [16a]. An exception to this scenario 
is sulfonated (poly phenylene)-based hydrocarbon membranes [51], phosphoric acid 
quaternary amine-biphosphate ion pair membranes  [52], and interpenetrating  
network of highly sulfonated poly(phenylene sulfide nitrile) (XESPSN) and random 
network copolymers  [53]. Self-humidifying nano valve membrane coated with 
hydrophobic surface coating was fabricated to retard water desorption from the 
membrane, thereby maintaining conductivity in the membrane at high tempera-
tures [54]. An aligned nanostructure of perfluorinated membrane achieved by capil-
lary force lithography has created controlled pathways for proton transport. In this 
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hierarchical structure, pre-patterned poly(dimethylsiloxane) mold is employed to 
create topographic patterns in Nafion membranes [55].

PFSA-based polymer membranes are expected to rule for the next 5–10 years, and 
continuous improvements in PEMs are expected to contribute 10–20% to the improve-
ment of power density. However, with substantial development and innovations insta-
bility, less expensive non-perfluorinated PEMs are expected to replace PFSA. Furthermore, 
PEMs capable of operating under low RH conditions may reduce the humidification 
requirements, thus indirectly improving the power density [56].

5.3   Comparison with AEM

AEMs are a counterpart of PEM, consisting of solid electrolyte used in fuel cells that 
conducts anionic species especially hydroxide ion across the electrodes. Faster reac-
tion kinetics at the electrodes than in acidic conditions, high electrical efficiency 
even in the absence of expensive noble metal catalysts, and low operating tempera-
ture are the advantages of AFC over other fuel cells. [57] Initially in AFC liquid elec-
trolytes like potassium hydroxide (KOH) were employed in the fuel cell. This involves 
leakage problems, corrosion, and CO2 poisoning by forming metal carbonate crystals 
in the electrolyte retards the hydroxyl ion transport. In addition to that proper main-
tenance of liquid electrolyte level is required; otherwise, it may lead to either elec-
trode flooding (high liquid electrolyte) or electrode drying conditions (insufficient 
liquid electrolyte) [58]. When a solid electrolyte membrane replaces the liquid elec-
trolyte, AFC based on solid AEMs initiated numerous types of research in this field. 
These solid membranes popularize the usage of AFCs, as it retards the negative 
effect of CO2.

5.3.1  Materials Used for Preparations

As we have seen in the, Section 5.2 PEM membranes have a polymeric backbone 
made of fluorinated ionomeric membranes, non-fluorinated hydrocarbon mem-
branes, or acid–base complexes. In all these polyelectrolyte membranes, an acid 
functionality group is attached to the active sites for the conduction of protons. 
Generally, sulfonic acid or phosphoric acid groups which could yield an active site 
for the easy transport of the proton at very low pH is preferred. In the case of AEMs, 
the polymeric electrolyte membrane should have cationic functional groups. 
Generally, quaternary ammonium, sulfonium, or phosphonium groups were grafted 
onto the polymeric backbone. But at very high pH, it is found that phosphonium 
groups are more stable, compared to the other two. Alkaline degradation of alkaline 
solid polymer membrane by the nucleophilic attack and Hoffmann elimination 
reduces mechanical stability and ionic conductivity [59]. As of now, researchers are 
still in search of a polymer membrane that could withstand high alkalinity and  
prevent chemical degradation in alkaline conditions like poly(triphenylene)-based 
membrane [60].
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5.3.2  Investigative Methods and Measurement 
for Ion-Exchange Membranes

This section illustrates various methods of evaluation and characterization of both 
proton-exchange membranes and AEMs.

5.3.2.1  Ionic Conductivity
The ionic conductivity of PEMs and AEMs is measured using electron impedance 
spectroscopy. The ionic conductivity, σ, is directly related to the specific resistance 
of the membrane according to the equation; l

R A
 where R is the resistance, l is the 

thickness, and A is the area of the membrane. The conductivity of a membrane is 
measured by keeping a swollen membrane, kept in water for 24 h between two elec-
trodes. The resistance of the membrane is then measured by changing the frequency 
of the alternating current, and the response of the system to the change in frequency 
is determined by a spectrometer. The resistance R of the membrane is determined 
from the Nyquist plot and the conductivity is measured in siemens per centimeter 
(S cm−1) using the above equation [61].

We have observed that ionic conductivity increases with temperature, and this led 
to the idea of high-temperature fuel cells. High-temperature measurements were 
done in a conductivity cell kept inside a wrap-round resistance heater and feedback 
temperature controller. The temperature of the membrane is increased with the aid 
of water vapor, by keeping the conductivity cell just above liquid water in the head-
space of a closed container. Before taking the measurements, the membrane is 
allowed to get saturated with water vapor at the required temperature.

The proton conductivity of the membrane at high temperatures also depends on the 
glass transition temperature of the polymeric matrix of the membrane. At tempera-
tures below the glass transition temperature, the conductivity obeys the Arrhenius-
type law [62], given by the equation

A
T

Ea
RT

exp

where A is a constant proportional to the number of charge carriers, Ea is the 
activation energy, and R is the ideal gas constant. When the temperature is above the 
glass transition temperature, the segmental motion of the polymeric chains also 
contributes to ionic conduction. Hence at temperatures above the glass transition 
temperature, conductivity obeys the Vogel–Tamman–Fulcher (VTF) equation, in 
which pseudo activation energy related to the segmental motions of the polymer is 
included. VTF formula for conductivity is [62]

A
T

B
T T

exp
0

where B is pseudo activation energy and T0 is called equilibrium glass transition 
temperature. This phenomenon is prominently observed for amorphous polymers. 
Polymeric membranes having rigid structures always follow the Arrhenius-type law 
throughout the whole temperature range.
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When it comes to AEM the charge density due to cationic functional groups pre-
sent in the polymeric chain, cross-linking density of the membrane, and water con-
tent present in the membrane is responsible for the ionic conductivity. As temperature 
increases the micropores in the membranes open up and facilitate water absorption 
by the formation of the hydrated ion clusters. The difference in the water uptake 
between membranes is due to the difference in the wettability of their main chains 
and side chains where the cationic group is located [63]. 

5.3.2.2  Water Absorption or Swelling Index
Water content in the membrane is important as ionic conductivity increases with 
increased water uptake. Water also assists in the mass transport of fuel through the 
membrane. But increased uptake of water content may affect the polymer micro-
structure and mechanical properties of the membrane adversely. Hence water 
uptake of the membranes should not be too high or not too low [64].

The gravimetric method of double weighing is used to measure the water uptake 
quantitatively. Wet weight (Wwet) of the membrane is taken by equilibrating the 
membrane with water or water vapor at different temperatures, and dry weight (Wdry) 
of the membrane is taken by drying the sample at a temperature above its boiling 
point for a particular period. Then the total water uptake is calculated by (Wuptake%) 
by the equation [65]

W
W W

Wuptake
wet dry

dry
100

For higher conductivity, a certain degree of swelling is required, but excessive uptake 
of water may make the membrane fragile and affect the durability of the fuel cell.

The swelling ratio may be calculated by measuring the thickness of the wet (tw) 
and dry membranes (td).

Swelling ratio w d

d

t t
t

100

Another membrane parameter, hydration number could be calculated as,

Wuptake

IEC
10

18

Temperature, ion-exchange capacity (IEC), and pretreatment of the membrane, 
the physical state of absorbing water, whether it is in liquid or vapor phase, and the 
elastic modulus of the membrane are the factors that affect the extent of the water 
uptake of a membrane.

5.3.2.3  Ion-Exchange Capacity (IEC) of the Membrane
The IEC of the membrane is an important parameter of an ion-exchange mem-
brane. It is the relative concentration of cationic groups per unit mass of the dry 
polymer. IEC is usually expressed in millimoles per gram or milli-equivalents per 
gram when the cationic groups involved are monovalent. In both PEM and AEM, 
the titration method at room temperature is used to determine the IEC.
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In PEM, the acidic groups in the membrane are initially exchanged with sodium 
forms by immersing the membrane in NaCl solutions.

R H Na R Na H

The exchange H+ ions in the solution are quantified by titrating with 0.01 N NaOH 
solutions. IEC values are calculated using the formula, [66]

IEC
Consumed mL of NaOH Molarity of NaOH

Weight dried membrane
mequiivg 1

When it comes to AEM membranes, acid/base titration or the Mohr method is the 
most common method to determine IEC.

Acid/base titrations for AEM are performed by soaking the membrane in a strong 
base (1 M NaOH) to convert AEM to hydroxyl ions, followed by soaking in a strong 
acid solution of known volume and concentration to convert AEM to the chloride 
form. Then AEM is removed and rinsed with deionized water, and the resulting dilute 
HCl is titrated against standard NaOH. [67] Then IEC is calculated using the formula,

IEC
acid acid base base

d

V C V C

m

* *

In the case of acid/base titrations, when the membrane is exposed to ambient air, 
the CO2 poisoning of the OH− groups occurs, leading to the formation of HCO−

3 
which in turn leads to an error in calculated IEC. Hence efficient procedures should 
be adopted while performing acid/base titration to minimize CO2 poisoning. [68]

In the Mohr method, an AEM is converted to the Cl− form by soaking in a salt 
solution (e.g. 1 M NaCl). The AEM is then rinsed and equilibrated in a 0.5 M Na2SO4 
solution to facilitate the release of Cl−. Using AgNO3 solution with K2CrO4 indica-
tor, the AEM/Na2SO4 solution is titrated until the K2CrO4 endpoint, which indicates 
when all the chlorides have been precipitated and now Ag2CrO4 forms  [69]. The 
resulting IEC calculated by the Mohr method is

IEC AgNO AgNO

d

V C
m

3 3
*

where md is the dry mass of the membrane after drying at 80 °C, for 48 h until the 
mass remains constant. Since the Mohr method involves carcinogenic hexavalent 
chromium (CrO4

2−), acid/base titrations are preferred.
To avoid human errors in titrations, ultraviolet–visible (UV–Vis) spectroscopy is 

employed to determine the NO3
− ions that exchange with Cl− ions in an AEM [70].

5.3.2.4  Thermal Stability and Mechanical Strength
The thermal stability of membranes is determined using thermogravimetric analysis 
(TGA), differential thermal analysis (DTA), and differential scanning calorimetry 
(DSC). TGA monitors the temperature at which membrane changes occur due to 
water loss, head group decomposition, and/or polymer decomposition and thereby 
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assesses the thermal stability. The primary degradation of these membranes involves 
the degradation of the polymeric backbone of membranes, and the secondary degra-
dation involves the degradation of the pendant groups or inorganic compounds 
inside the membranes at higher temperatures than the primary degradation. DSC 
and DTA can be used to evaluate the glass transition temperature, the effects of ther-
mal cycling, and changes in polymer crystallinity and cross-linking [55, 71].

A universal testing machine is employed to study the physical properties of the 
membranes like tensile strength, stress–strain curves, and elongation break. This 
gives an idea about the mechanical strength of the membrane [72].

5.3.2.5  Durability of the Membranes
Since ion-exchange membranes are the key components in a fuel cell, enhancement 
in their durability is critical to the lifetime of the fuel cells.

In the case of PEM, membrane degradation is due to the hydrogen peroxide and 
its intermediate decomposition free radicals like OH˙ and HO2˙ with strong oxidative 
characteristics, produced during the fuel cell operation. Therefore, the membrane 
durability was evaluated by both the ex situ Fenton test and in situ OCV (open circuit 
voltage) accelerated test. Membrane samples were immersed in 50 ml Fenton solu-
tion (3 wt.% hydrogen peroxide solution and 20 ppm Fe2+). The durability tests were 
carried out at 80 °C for 150 h before fluorine ion characterization, the Pt wire was 
immersed into the analyte solution to decompose the residual hydrogen peroxide, 
which was to assure accurate and reproducible results [73].

In the case of AEM, prolonged exposure to highly alkaline solution led to the 
degradation of AEMs. The alkaline stability is a measure of how the AEM perfor-
mance changes over time when exposed to high-pH environments. While testing for 
alkaline stability, AEM is soaked in a high-pH solution (e.g. 1–10 M KOH) at a given 
temperature (room temperature or elevated temperature) for extended periods and 
periodically tests the membrane IEC to see how it changes with time. The alkaline 
stability also depends on the hydration level, as the hydration level increases, 
reduces the nucleophilicity of hydroxyl ions which in turn improves the alkaline 
stability. Hence the ex situ alkaline stability measurements are inconsistent and may 
give artificially high alkaline stability which is not congruent with the in situ alka-
line stability of AEM [74]. So to determine true alkaline stability, Dekel et al. pro-
posed an alternative ex situ alkalinity stability testing procedure using nuclear 
magnetic resonance (NMR) and water-free hydroxide (crown ether/KOH) solution 
where the water/OH− ratio (γ) could be controlled to assess alkaline stability at dif-
ferent hydration levels [75]. 

5.3.3  Water Management

In a PEM fuel cell, water is produced at the cathode, whereas, in an AEM fuel cell, water 
is produced and consumed on the anode and cathode sides, respectively (Figure 5.1). 
The amount of water in the membrane has a considerable impact on ionic conductiv-
ity; hence, the fuel cell needs a high water content to maintain the membrane’s high 
conductivity. However, as water is a byproduct of electrochemical processes, too 
much of it prevents gas from moving through the electrode. Additionally, the unequal 
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water distribution between the anode and cathode is made worse by the electro-osmotic 
drag. For the PEM fuel cell, the anode is drier than the cathode, but for the AEM, the 
reverse is true.

During the operation of an anion-exchange membrane fuel cell (AEMFC), when 
the ambient air is used, several anions are present in the cell: carbonate ions, bicar-
bonate ions, and hydroxyl ions. When AEMFC is operated at high current densities, 
the most common anion species present across the membrane is the hydroxyl 
ion  [76], generated according to the electrochemical ORR at the cathode. The 
hydroxyl ion is transported to the anode where hydrogen is oxidized as fuel. In the 
overall reaction, both PEMFC and AEMFC produce water as a byproduct. However, 
in contrast to PEMFC technology, in AEMFC water is generated at the anode (twice 
as much as in a PEMFC, per electron), while at the same time, water is a reactant at 
the cathode. This distinctive water transport scenario, together with the high alka-
line medium in AEMFCs, represents a unique feature of AEMFCs.

In AEMFC, the OH− ions generated in the cathode travel through the AEM (with 
the aid of water present in AEM) to the anode where they react with H2 fuel to pro-
duce H2O [76b]. Hence it is pertinent to control the humidification level and water 
transport properties of the ion-conducting membranes. Ineffective water manage-
ment includes water flooding and dehydration. The flooding and dehydration in the 
anode and cathode may lead to poor cell performance and hence transport of water 
across the membranes should be regulated effectively. The electro-osmotic drag 
coefficient, which is the number of water molecules associated with each mobile 
ion, plays a significant role in the water management of AEMs. The activity of water 
on both the anode and cathode decides the movement of water inside the mem-
brane through diffusion. [76c] Poor MEA stability and poor cell performance lim-
ited the efforts to investigate the movement of water in AEMs. At first, it was 
postulated that the movement of water in AEMFCs occurs from the anode side to 
the cathode side, which is the reverse of the process occurring in PEMFCs. But later 
it was found that the nature of the membrane has a significant influence on water 
movement. Hydrophilic membranes facilitate the water movement from anode to 
cathode, while hydrophobic membranes facilitate the opposite movement (cathode 
to anode)  [76c]. Hence careful attention is needed toward nature, thickness, and 
diffusion resistance of the ion-exchange membranes to eliminate water imbalance 
in fuel cells [76].

5.3.4  Transport Mechanism

Understanding the anion conduction mechanism in the AEM is of prime impor-
tance for making further improvements in the AEM to make it highly efficient and 
selective to make it more practical in a fuel cell. Similar to proton conductivity in 
PEM depends on the RH temperature anion conduction also depends on the same. 
Hence it is assumed that the conduction mechanisms for both proton and anion are 
the same [77].

The dominant transport mechanisms are the Grotthus mechanism, diffusion, migra-
tion, and convection. In the Grotthus mechanism, hydroxide ion diffuses through the 



5.3 Comparison with AEM 111

hydrogen-bonded network of water molecules through the formation/cleavage of 
covalent bonds. The movement of the hydrated hydroxyl ion is accompanied by a 
hyper-coordinating water molecule. The arrival of another electron-donating water 
molecule leads to hydrogen bond rearrangements, re-orientations, hydrogen ion 
transfer, and the formation of a fully tetrahedrally coordinated water molecule [78]. 
Diffusive transport occurs in the presence of a concentration and/or electrical poten-
tial gradient. Convective transport across the membrane appears since hydroxides, 
moving through the membrane, drag water molecules with them through the mem-
brane, thus generating a convective flow of water molecules within the membrane. 
Surface site hopping of hydroxyl anions occurs on quaternary ammonium groups 
present on the membrane. This type of transport is thought to be secondary trans-
port across the membrane because the water present in the system acts as a perma-
nent dipole and interacts with the fixed charges of the membrane. This strong 
coordination of water molecules around the ammonium groups imparts a reduction 
in the possibility of the ionic species interacting with the ammonium groups on the 
membrane.

Even though dominant mechanisms for transport through the membrane are 
the same, there are fundamental discrepancies between PEM and AEM conduc-
tivities. They may arise from insufficient OH− dissociation and solvation, the mor-
phology of the structure, and/or interactions between the OH− in solution and the 
quaternary ammonium side chain. Another possible explanation for the discrep-
ancy in ionic conductivity between PEMs and AEMs may result from contact with 
air during the measurement. When the system is not fully isolated and air pene-
trates the cell (as might well be possible in experimental setups), OH− may react 
with the CO2 from the air and convert into carbonate/bicarbonate ions, which is a 
relatively fast process occurring at short timescales (<30–60 min) [52]. This con-
version of hydroxyl to carbonate/bicarbonate leads to a significant decrease in 
ionic conductivities [79]. 

5.3.5  Catalyst Used in PEMFC and AEMFC

The increased attention on the development of AEMFC is due to its cost- effectiveness 
as it allows the usage of non-precious metal catalysts when compared to PEMFC. In 
PEMFC carbon-supported platinum (Pt/C) having a high active surface area is the 
best choice in today’s fuel cells for higher efficiency. Even though carbon-supported 
platinum catalysts have significantly reduced the use of platinum than when plati-
num black is in use, the cost of the fuel cell remains high. The research was going 
on to develop a non-precious catalyst for PEMFC, but the acidic environment in 
PEMFC may cause corrosion to these metal catalysts which may reduce its effi-
ciency. But none of them has reached the benchmark provided by the Pt systems. In 
this scenario, AEMFC, with an alkaline environment that could use non-precious 
metal catalysts, is a great alternative for the PEMFC. Nickel base materials were 
considered as a replacement for precious metal catalysts owing to their abundance, 
moderate cost, and durability in highly alkaline conditions [80]. Several transition 
metals (like Mo, Co, Fe, and Cu) were alloyed with nickel to improve their activity 
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and stability [81]. Au, Ag, as well as Au/Ag alloys, were also considered a potential 
replacement for Pt, owing to their high activity toward ORR. [82]

5.3.6  MEA Fabrication

The MEA is the core component of a fuel cell and plays a crucial role in its perfor-
mance. Hence the proper design of MEA is essential as the true potential of the 
ion-exchange membranes and electrocatalysts is only revealed in an efficient MEA 
configuration. MEA consists of an ion-exchange membrane, catalyst layers (CLs), 
and GDLs. While fabricating MEA it is ensured that all active catalyst sites in the CL 
are accessible to the reactant (H2 or O2), protons, and electrons and would facilitate 
the effective removal of produced water from the CL and GDL. Compared to 
PEMFC, MEA fabrication methods as well as the materials are in the budding stage 
due to the novelties in the AEMs. In the case of PEMFC, Nafion, an easily dispersi-
ble, highly conducting ionomer, is available to prepare the catalytic ink. But in the 
case of AEMFC, anion-exchange binders have limited stability and conductivity 
which limits its MEA performance [83a].

In contrast to PEMFC, there are distinct differences in reaction processes in both 
anodic and cathodic compartments of AEMFC. In the cathodic layer, an independent 
outer sphere electron transfer component is prominent in an alkaline environment, 
while an inner sphere electron transfer process is prominent in an acidic environ-
ment. Hence in an AEMFC, a faster kinetics for ORR is proposed with a wide range of 
non-noble metal electrocatalysts [83b]. Hydrogen oxidation reaction (HOR) activity 
of some commercial catalysts based on Pt, Pd, and Ir exhibits a decrease in activity 
with the decrease in solution acidity [83c]. Higher resistance is observed in the HOR 
activity in the anodic layer of an AEMFC. Investigations on introducing oxyphilic 
atoms like Ru, Cu, and Ni which could facilitate the OH− adsorption may help to 
design a HOR catalyst with lower resistance in an alkaline environment [83d].

In the fabrication of MEA, the catalyst and ionomer are taken in an appropriate 
ratio and mixed with isopropanol to form a homogeneous catalyst ink. The ink is 
then coated on the side of an ion-exchange membrane. In all MEAs, the Pt loading 
content of the anode and cathode was the same, and the ratio of the Pt/C-ionomer 
was fixed at 20 wt%. Both sides of the catalyst-coated membranes were then sand-
wiched with GDLs and a Teflon gasket and were finally assembled into single-unit 
cells [84]. In the case of AEMs, they are easily ruptured through stresses during the 
fabrication of MEAs due to their weak mechanical strength and durability. Hence, 
hot-pressing methods that are used in making MEA in PEMFC will not always work 
for AEMFCs, and other bonding methods are needed to be formulated. An excessive 
amount of ionomer in the catalyst ink may reduce the porosity of the CL and may 
resist the transportation of water and oxygen. Hence the ionomer ratio in the cata-
lytic ink, as well as the CL fabrication process needs to be optimized to get abundant 
mesopores in the CL. The mesoporous nature of the CL is best suited for its excellent 
performance with high current density. [85]

Unlike in PEMFC, the electrochemical water generated in the anodic compart-
ment needs to diffuse back into the cathodic compartment to facilitate the ORR 
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process [86a]. This back diffusion process should be in such a way that it should not 
dry up the anodic CL as well as the ion-exchange membranes nor flood the CL with 
an excess of water molecules. Hence proper distribution and transport of water is 
an important factor that determines the hydration of MEA avoiding catalyst flood-
ing in AEMFC [86b]. The inlet RH and backpressure on the anode and cathode 
layers regulate the water management in an MEA and thereby influence the cell 
performance [87].

Ionomer binders used in CLs in MEA fabrication also play a crucial role in deter-
mining the performance of a fuel cell. In constituting PEMFC, an electrode ionomer 
with significant proton conducting properties as well as superior mechanical and 
chemical properties is Nafion. Even though the high cost, high gas permeability, and 
environmental hazardousness slow down its commercialization, Nafion is one of 
the most extensively studied and optimized ionomers in PEMFC [88]. Hydrocarbon-
based PEMs having high mechanical and thermal stabilities are developed to allevi-
ate the disadvantages of Nafion and to complement it [84]. One major problem that 
arises in the anionic ionomer is the co-adsorption of cation-hydroxide water hinder-
ing the diffusion of the hydrogen gas to the catalyst surface and blocking the phenyl 
group active sites on the catalytic surface, thereby reducing its activity  [89]. This 
issue is tackled by inserting symmetric dimethyl groups into the backbone of the 
quaternary poly(biphenyl alkylene) ionomer, which increases the hydrogen diffu-
sion coefficient. Another approach to modifying the anionic ionomer to increase its 
activity is by changing the functional group from alkyl trimethylammonium to alkyl 
triethylammonium which causes a doubling of the hydrogen limiting current of the 
new ionomer [90]. Co-adsorption of cation-hydroxide water was therefore deemed 
as a superior source of AEMFC performance degradation compared to the slow dif-
fusion of hydrogen gas due to phenyl adsorption [85b]. Hence developing anionic 
ionomer is an emerging field of study. 

5.3.7  Fuels Used in Fuel Cells

Hydrogen is considered the most suitable fuel for a fuel cell system as it could pro-
vide high energy density. The difficulty in liquefaction and storage of hydrogen gas 
restricts its usage in a wide range of applications. Currently, commercially available 
fuel cells are using hydrogen as fuel in an acidic medium [91]. Currently, most of the 
hydrogen is produced by steam reforming of hydrocarbons. It can also be made by 
heating coal to roughly 1000 °C in the absence of oxygen, by electrolysis, or by par-
tially burning coal in the presence of steam. Since water is the only byproduct of 
hydrogen oxidation, it is a highly sought-after fuel. A wide range of AAEMFCs uses 
hydrogen as fuel and could achieve high power density [92]. Another widely used 
fuel is easily oxidizable simplest alcohol methanol.

Methanol has a high energy-to-carbon ratio and an energy density of 4820 Wh l−1. 
[93] In both PEMFC and AEMFC fueled by methanol, extra care is taken to avoid 
catalyst poisoning by CO formed by the incomplete oxidation of methanol. AEMFC 
may give a high power density compared to a PEMFC. A Tokuyama AEM exhibited 
a power density of 6.8 mW cm−2 at ambient temperature with a Pt/C cathode and 
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PtRu/C anode catalyst with 1 M methanol and 1 M KOH fuel when compared to  
a Nafion 117 membrane which produced a power density of 5.2 mW cm−2 with the 
same catalysts and methanol as fuel [94]. The kinetics of the anode reaction when 
methanol is used in AFCs are slow, and DMFC also suffers from abundant methanol 
crossover and low performance. [94b]

Besides methanol, ethanol with an energy density of 8030 Wh kg−1 was also 
employed as fuel in both AEMFC and PEMFC [93]. But complete oxidation of etha-
nol could be achieved only at high temperatures. Hence catalyst capable of com-
pletely oxidizing ethanol at low temperatures in an alkaline medium is needed to be 
found to maximize the use of ethanol as fuel. The rate of ethanol oxidation is lower 
in an acidic medium. Hence compared to direct-ethanol alkaline-exchange mem-
brane fuel cell (DEAEMFC), poisoning of the catalyst due to incomplete oxidation 
is more prominent and to be taken care of in direct-ethanol proton-exchange mem-
brane fuel cell (DEPEMFC).

Another choice of fuel that does not contain carbon and hence there is no chance 
for catalyst poisoning is hydrazine. The theoretical mass-energy density of hydra-
zine is 2.6 kWh kg−1. But in the hydrazine-driven fuel cell, a noble metal catalyst like 
Pt is more preferred as it provides the lowest decomposition rate, since it is alkaline 
in an aqueous solution and expected to be very compatible with an AEM [95]. Out 
of all the known fuels possible to fuel direct liquid fuel cells, hydrazine is considered 
the most toxic to humans, as it can damage the lungs, kidneys, and central nervous 
system. To address these problems, the Daihatsu Motor Company has created a 
technique for secure hydrazine storage in the form of solid hydrazone, which has no 
carcinogenic characteristics and is safer due to its solid nature in the case of tank 
breakage. The hydrazine may be liberated from the hydrazone state by introducing 
a solvent to the fuel tank [95].

Ethylene glycol, which has high electroactivity in an alkaline environment, as 
well as non-inflammable, non-volatile glycerol was also employed as fuel in AEMFC.  
Ethylene glycol has superior performance and power densities in AAEMFCs in 
comparison to methanol, while the low cost and non-toxicity urged to look for glyc-
erol as another option. Direct glycerol and ethylene glycol fuel cells have not been 
the subject of a lot of research since they are still early in the research process [96].

Sodium borohydride produces a high open circuit potential and achieves high 
power densities is an excellent fuel as it could not produce carbon products which 
could poison the anode catalyst. But the toxic nature of borohydride acts as a bar-
rier to its commercialization. Borohydride could be used only in an alkaline envi-
ronment as it is unstable in acidic and neutral conditions [97]. Dimethyl ether is 
considered a promising fuel without NOx and SOx emissions. It is less toxic than 
methanol and possesses low fuel cross-over due to the low dipole moment, making 
it a favorable fuel for fuel cells  [98]. Another widely accepted fuel is ammonia, 
which could act as a direct fuel for ammonium fuel cells and an indirect fuel  
for hydrogen fuel cells. Since liquid ammonia contains 70% more hydrogen than 
liquid hydrogen and has a 50% greater specific energy density, it makes a great low-
temperature fuel  [99]. Compared to PEMFC, a wide choice of fuels are suitable 
for AEMFC. 



5.4 Conclusion 115

5.3.8  Fuel Cell Efficiency

It is the efficiency of a process that converts chemical potential energy contained in 
the fuel into kinetic energy or work. The efficiency of a fuel cell is measured by the 
ratio of the amount of useful energy put out by the cell (energy output) to the total 
amount of energy put in (energy input).

Energy efficiency Energy output
Total energy input

The load current, temperature, RH, membrane thickness, membrane-active area, 
electrode active area, corrosion, purity, pressure, and concentration of hydrogen 
fuel, maintenance of water inside the cell, pressure in the electrode particularly on 
both sides of the membrane, etc. are some of the factors that determine the fuel cell 
efficiency.

Life time of a fuel cell is determined by the electrolyte and catalyst employed in it. 
When the electrolyte becomes corrosive during the transit of H+, it causes the metal 
component to degrade and shortens the life of the fuel cell. The lifespan of such fuel 
cells tends to be decreased when the catalyst utilized at the electrodes becomes 
exhausted throughout the operation. Majority of low-temperature fuel cells have 
long life span, whereas the high-temperature fuel cells have poor longevity.

Power density is the power produced per unit volume. Power density varies 
depending on operating circumstances and is compensated for by the catalyst and 
electrolyte used in each fuel cell type. The power density of a fuel cell is determined 
by the efficiency of the used catalyst and the capacity of the electrolyte to swiftly 
transfer ions from anode to cathode. Excellent power density is needed for fuel cell 
types that can effectively compete in the energy market, and this is accomplished by 
careful catalyst selection.

5.4  Conclusion

Massive attempts have been made to find new energy solutions as the world’s energy 
and environmental concerns become more and more urgent. Fuel cells are a novel 
energy technology, and have the potential to replace traditional fossil fuels due to 
their tremendous effectiveness and low, or zero, emission. In a fuel cell, ion-exchange 
membranes are one of the main core components responsible for its efficiency. An 
ion-exchange membrane controls a fuel cell’s performance through its water absorp-
tion, ionic conductivity, gas permeability, electrical insulation, and durability.

Among various types of fuel cells, the AFC was the first type to be used in space 
programs and is still in use. But proton-exchange membrane fuel cells were the 
most rapidly developed fuel cell in the past decades. It was even commercialized in 
the form of PEMFC-powered vehicles, mobiles, watches, and military technology. 
The credit for the rapid commercialization of PEMFC technology goes to tremen-
dous development in the area of proton-exchange membranes. Fluorinated sulfonic 
acid Nafion membrane is considered a benchmark for proton-exchange membranes 
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owing to its high proton conductivity, durability, and efficiency. It is considered that 
PEMFC may rule the market for the next 10–20 years. But the high cost and low-
temperature endurance limit its applications.

The low cost of implementation compared to PEMFC triggered developments in 
the field of AFC which was previously meant only for extraterrestrial applications. 
Liquid electrolyte leakage, CO2 poisoning of AEM, and low hydroxide ion conduc-
tivity slow down its development initially. The introduction of solid electrolyte 
membranes balanced some of these issues to a great extent. But still, poor hydroxyl 
ion conductivity and chemical instability remain the largest hurdle to the develop-
ment of AEM. Some modifications to the existing electrolyte membrane enhance 
the ionic conductivity, thermal stability, and durability making it a strong opponent 
for PEM and PEMFC technology. The use of inexpensive metal catalysts as elec-
trodes is one of the real advantages of AEMFC. But still, AEMFC requires innova-
tive engineering solutions regarding the materials and processing schemes to make 
the conductivity and durability of AEM up to the level of PEM. Also, the identifica-
tion of suitable OH− ion conductive polymers for anode and cathode binders, and 
the identification/optimization of MEA preparation methods are the need of the 
hour. If AEMFCs are to play the envisioned role in the global energy transition, 
these issues must be overcome for them to function as a cog in the future hydrogen 
economy.
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6

Transport and Conductive Mechanisms in Anion 
Exchange Membranes

6.1  Introduction

Recent significant research advances in the development of anion exchange mem-
branes (AEMs) drive the reborn interest in the anion exchange membrane fuel cells 
(AEMFCs). For the most part, AEMFC is similar to the proton exchange membrane 
fuel cell (PEMFC), with the main difference being that AEMFC utilizes an AEM in 
which OH− ion is transported from the cathode to the anode, whereas in PEMFC, 
H+ is transported from anode to cathode through the PEM during operations 
(Figure  6.1)  [1]. Unlike PEMFC, AEMFC operates in an alkaline environment 
which offers advantages like the possible use of non-noble metal catalysts for high 
energy density and a broad range of fuels like alcohols beyond hydrogen. However, 
the practical implementation of this technology is still limited by the insufficient 
OH− conductivity of the AEMs limiting the fuel efficiency. Moreover, carbonation 
issues due to the formation of carbonate (CO3

2−) and bicarbonate (HCO3
−) in the 

presence of CO2 result in a substantial performance loss. As such, new designs of 
AEM with improved transport properties are required, along with a detailed under-
standing of the transport limitations and mechanisms of the active ion in AEMs.

Despite significant advances in the experimental and theoretical study of AEMs 
for fuel cells [2–4], the transport mechanism of OH− and structure–transport effi-
ciency relationships have been less explored. Understanding the mechanisms by 
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which OH− diffuses through water channels in AEMs helps to unravel the key cor-
relations between the charge transport efficiency and polymer structure, which 
allows for thorough investigation and design of high-performance AEMs. In this 
chapter, we make a systematic analysis of the OH− ion-conductive properties and 
the transport mechanism in AEMs supported by the theoretical model develop-
ments in the existing literature.

6.2  Transport Mechanisms of Hydroxide Ion in AEMs

At the heart of an alkaline fuel cell lies an AEM which play a key role in the trans-
port of OH− ions from the cathode to the anode. These AEMs should exhibit good 
conductive properties for high performance and practical applications of the fuel 
cell. Thus, it’s crucial to understand the transport phenomenon and mechanisms 
governing the OH− conductivity of the AEMs.

Early-stage investigations for OH− transport properties of AEMs were developed, 
based on the principles and mechanisms for proton exchange membranes (PEMs). 
It is therefore important to have a good grip on the proton transport mechanisms 
before illustrating the concepts for OH− transport.

The H+ transport mechanism has been debated for a very long while several types 
of research being carried out to investigate proton transport in an aqueous environ-
ment. Compared to OH− ion, H+ has a very small ionic radius and strong polariza-
tion power which makes it difficult to isolate from its environment under equilibrium 
conditions. To date, two main H+ transport mechanisms are considered: (i) the vehi-
cle mechanism and (ii) the Grotthuss mechanism. Other mechanisms like en masse 
diffusion, migration, surface site hopping along functional side chains in polymeric 
membranes, and convective processes are also known [3, 5–7]. The vehicular mechanism 
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follows a molecular diffusion process in which hydrated protons are transported 
through a proton-conducting aqueous channel with water molecules acting as a 
vehicle. On the other hand, structural diffusion also occurs through the Grotthuss 
mechanism in which protons are transported across in a subsequent process of 
hydrogen bond formation and break along with oriental water dipoles [8]. As such, 
the proton is free and moves by hopping from one oxygen ion to another by rota-
tional diffusion of the OH− groups after the break of a hydrogen bond (Figure 6.2a–c).  
Moreover, surface mechanisms or surface site hopping which are based on a process 
where protons hop between the membrane functional groups driven by strong elec-
trostatic attractions are also known. In another study, the OH− transport via 
Grotthuss H+ hopping was shown to be driven by a dynamic complex with three 
“fast” and one “slow” H2O molecules bridging two OH− groups from the strongly 
bound remnant water [9]. Overall, the Grotthuss mechanism is often considered the 
dominant transport mechanism of H+ in aqueous solutions, in particular, at higher 
membrane water contents [4, 5, 10].

The dependence of transport mechanisms on external operating factors like tem-
perature is a less understood concept. Zelovich et al. investigated the effect of tem-
perature on the diffusivity of OH− in AEMs quantized at different hydration 
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Figure 6.2 (a) Schematic representation of the different transport mechanisms in AEMs: 
the transport properties are depicted to be the product of any combination of these 
mechanisms including the Grotthuss mechanism, surface site hopping on the respective 
membrane quaternary ammonium side chains, diffusion, and migration in the presence of a 
concentration and/or potential gradient acting. Elaboration of the Grotthuss mechanisms as 
a dominant transport mechanism in AEMs (b–d); (b) OH− in a fourfold-coordinated, 
OH−(H2O)4 state; (c) first-solvation-shell H-bond breakage by thermal fluctuations resulting 
in OH− in a threefold OH−(H2O)4 state, followed by the formation of a weak H-bond 
between the OH− hydrogen and neighboring solvent water; (d) migration of OH− (H2O)3 to 
migrate within the H-bond network as a result of complete proton transfer.
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levels [11]. They found out that the OH− diffusion does not increase monotonically 
with temperature but rather non-monotonic.

The transport mechanisms of H+ and OH− ions in aqueous solutions have been 
depicted to be analogous based on the observed similarity in the dependence of the 
practical conductivity of both the H+ and OH− ions on operating conditions like 
temperature and relative humidity. As shown in Figure 6.2d, the dominant mecha-
nisms for OH− ions transport in AEM also follow the Grotthuss mechanism, diffu-
sion, migration, and convection. The OH− transport in the AEM occurs, however, 
with some differing specifics in Grotthuss mechanisms. The H3O+ is naturally 
bound by the water hydrogen bonding network and so does not require significant 
activation and/or solvent rearrangement (Figure 6.2d). On the other hand, OH− ion 
tends to rearrange the solvent molecules and shuffle the hydrogen bond network 
due to stable solvation shells [4, 12]. Diffusive transport of OH− ions is driven by 
concentration and/or electrical potential gradient, whereas convective transport 
across the membrane involves the co-transport of OH− ions across the membrane 
along with the water molecules. OH− ions can also be transported by surface site 
hopping mechanisms, but this has less significance due to the competitive effect  
of the strong interaction of water molecules and the hydrophilic membrane 
functionalities [4].

So far, the relative importance of the different transport mechanisms governing 
the OH− transport in AEMs is still not clear among the scientific community, requir-
ing further research to understand the detailed OH− ion transport mechanisms 
along with membrane development. Chiu et al. developed a model to elucidate the 
dominant transfer mechanism along with the factors limiting OH− conduction in 
AEMs [4]. Considering PEM and AEM systems, there exists a large deviation of the 
bulk transport coefficients ions and membrane conductivities. For instance, the 
relative transport coefficients incorporating en masse diffusion/migration and 
Grotthuss are about DH

+ = 9.3 × 10−9 m2 s−1 and DOH
−  =  5.3 × 10−9  m2  s−1 in liquid  

water at 25 °C are comparable, whereas the conductivities of 0.078, 0.018 S cm−1 were 
reported for Nafion 115 and AEM (based on fully fluorinated poly(tetrafluoroethylene- 
co-hexafluoropropylene) – FEP), respectively. This presents a considerable deviation 
from the bulk transport coefficients which could be attributed to the intrinsic differ-
ence in membrane structure and properties which vary depending on operating/
environmental conditions like the relative humidities and/or water uptake coeffi-
cients (Figure  6.3a), insufficient OH− dissociation and solvation, interactions 
between the OH− in solution, and the quaternary ammonium side chain, etc. [14]. 
Mathematically, the water uptake coefficient is described by the Brunauer–Emmett–
Teller (BET) equation, which is used to fit experimentally reported water uptake 
coefficient data with the variations in relative humidity. The standard form of the 
BET is provided in [4]. Carbonation of OH− by CO2, a phenomenon well recognized 
as a limiting factor for OH− conductivities, is also another cause for the difference in 
membrane transport properties. Moreover, a systematic study by Varcoe indicated 
significantly low conductivities of AEMs based on quaternary ammonium function-
alities at low humidity of the surrounding static atmospheres, along with 2–3 times 
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Figure 6.3 (a) Comparison of the OH− conductivities of AEM-ETFE and AEM-FEP 
determined by DFM (lines) and experiments (symbol) as a function of water uptake 
coefficient. Source: Copyright 2010 IOP science. Reproduced with permission from Grew and 
Chiu [4]. (b) Joint probability density distributions of the N–O* distance (d) and the 
CCH2–N–O* angle (θ ) for the PVBTMA system at 300 K. Source: Copyright 2016 American 
Chemical Society. Reproduced with permission from Chen et al. [13]. (c) Diffusion of 
OH− through the pocket of a water channel in PPO-based AEM: the green sphere 
corresponds to the O in OH− and the red spheres correspond to the coordinated water 
oxygen at the starting point. The simulation results are displayed in the top three panels, 
whereas the tracking of displacement from original point and number of water molecules 
coordinating OH− within its first hydration shell is shown in the bottom panels. Source: 
Copyright 2018 American Chemical Society. Reproduced with permission from Dong 
et al. [10].
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higher activation energies for OH− compared to H+ conduction in acidic Nafion-115 
at all humidities [14]. 

6.3  AEM Structure–Transport Efficiency Relationships

Understanding the OH− transport mechanisms as well as the AEM structure– 
transport efficiency relationship is crucial the design of high-performance AEMs. 
Literature focusing on this area is still scarce with the topic requiring further 
research advance to set the benchmarks for designing highly conductive and stable 
AEMs. For instance, a broad range of AEMs with varying properties like water 
uptake and conductivity can be prepared by controlling the degree of functionaliza-
tion. In aqueous systems, the functional groups form a phase-separated domain 
which can promote high transport rates with slow water diffusion but high water 
binding. A range of functional groups has been used for the synthesis of AEMs with 
different physicochemical and electrochemical properties [3, 15, 16]. Typically, qua-
ternary ammonium functional groups have been widely used in synthesizing mem-
branes for a broad range of applications, but the OH− conductivity is limited due to 
the weak basicity of such functional groups (pKb ~ 4) [16–18]. The nature and chem-
istry of the AEM backbone are also highly determinant for enhancing the OH− 
transport properties. For example, the use of block copolymer analogs to modify the 
microphase separation of AEMs has been shown to enhance the OH− conductiv-
ity [19, 20]. Moreover, engineering the side-chain configurations at controlled prop-
erties of the spacer units between the functional groups and the polymer backbone 
can also be used to improve the OH− conductive properties of AEMs [21]. A molecu-
lar dynamics (MD) model developed by Chen et al. on poly(vinyl benzyltrimethyl-
ammonium) (PVBTMA) system, depicts a relatively even separation of rigid side 
chains in AEMs forming a continuous overlapping region for OH− transport con-
sisting of a hydration shell of a tethered cationic group [13]. The OH− was observed 
to have a strong preference for this overlapping region (Figure 6.3b) for conduction 
with a substantial contribution from both standard diffusion (vehicular) and 
Grotthuss mechanisms. A substantial contribution from the vehicular mechanism 
as compared to the Grotthuss mechanism was observed with about only 20% contri-
bution of the Grotthuss mechanism to the total diffusivity of OH− and the charge 
transport primarily relying on OH− vehicular mechanism. On the other hand, 
Zhang et al. performed atomic-scale simulations to correlate the impact of mem-
brane structural and dynamical properties on ion transport. Their results show that 
the Grotthuss mechanism makes the proton transport through water channels less 
dependent on the membrane morphology at high water uptake, and the AEMs with 
a distinct water channel and enhanced nano-phase separation show a relatively 
high OH− transport efficiency [22]. A recent study by Dong et al. on the OH− charge 
transport in poly(p-phenylene oxide) (PPO-based) AEMs indicate that in nonblock 
AEMs exhibiting a network of sub-nanometer-wide water channels, the vehicular 
mechanism for transport requires the OH− to partially dehydrate which is thermo-
dynamically unfavorable [10]. The Grotthuss hopping was observed to dominate the 
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transport mechanism for OH− transport through narrow, sub-nanometer size perco-
lating water channels (Figure  6.3c). Other chemistries of AEMs have also been 
reported like ion-solvating membranes which operate in the presence of an aqueous 
alkaline electrolyte for enhanced conductivity, although such materials do have 
intrinsic OH− conducting properties [23]. Such membranes with different structural 
and dynamic properties as compared to the classical AEMs also lack a detailed 
investigation and understanding of the relative significance of the different trans-
port mechanisms calling for further research.

Overall, MD simulations allow a deeper study of the microstructure and ions 
transport process in a membrane that is not feasible by experimental investigations. 
Density functional theory (DFT) and MD calculations was used to investigate the 
impact of membrane water uptake and its ion exchange capacity on OH− diffusion 
in alkaline anion exchange membranes (AAEMs).[24]. The study was done on two 
poly(aryl ether ether ketone) (PEEK)-based membranes in which the side chains 
contain one or two quaternary ammonium groups. They found similar self- diffusion 
coefficients in SQ and GQ, which cannot be corrected with the increased conductiv-
ity, rather the higher ionic conductivity of GQ was linked to the enhanced ionic 
conductivity. As such, the fairly identical self-diffusion coefficients had no signifi-
cant impact on ionic conductivities which lays a prospect for the side chain chemis-
try in AAEMs and OH− transport. 

6.4  Ion Conductivity Measurement

The performance of an AEMFC is highly influenced by its electrochemical proper-
ties, among them: ion conductivity of AEMs  [25–29]. Different methods can be 
employed to measure ionic conductivity: (a) direct current (DC) method or (ii) the 
alternating current (AC) method. The DC measurements are usually carried out by 
applying a constant current to a system (an AEM with identical solutions at both 
sides) and monitoring the voltage drop across the system. The resistance (the recip-
rocal of ion conductivity) of the system, which is constituted by the resistance of 
the membrane and interfacial layers, can be obtained according to Ohm’s law. In 
this case, the pure membrane resistance cannot be discriminated from the interfa-
cial layer resistance. Długołęcki et al. [30] applied DC to investigate the effects of 
solution concentration on the resistance of ion exchange membranes and found 
that when the NaCl concentration was lower than 0.1 M, the resistance for the 
membrane and interfacial layers was significantly increased, but the contribution 
of the pure membrane resistance could not be evaluated. Ziv and Dekel  [31] 
reported a novel, practical, and ex situ method for the determination of the true 
hydroxide conductivity in AEMs with an external electric current across the mem-
brane by a four-probe experimental setting. The applied current forced the electro-
chemical reactions in the AEMs with the formation of OH− at one electrode and 
the transformation of CO2 from HCO3

−/CO3
2− at the other electrode. The OH− con-

ductivity of AEMs could be obtained when all the anions in the membrane were 
replaced by OH−.
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The AC method, which is also known as electrochemical impedance spectroscopy 
(EIS), is operated by inputting a small electrical stimulation signal (alternating cur-
rent or voltage) into the system and obtaining the response signals (voltage/current 
value and phase shift between the input and response signals) from the reference 
electrodes adjacent to the test membrane. Therefore, the EIS data are constituted by 
the Nyquist plots and/or the Bode formats. The Nyquist plots are consisted by a 
locus of points which represent different measurement frequencies, and the phase 
angle and modulus as a function of frequency are displayed in the Bode formats. 
The EIS data are usually interpreted by equivalent circuits with complex nonlinear-
least-squares fitting. The fitting results involve the contribution of each component 
in the test system, i.e. the resistance and capacitance of the pure membrane, electri-
cal double layer, and diffusion boundary layer. EIS is regarded as a noninvasive tech-
nology and could dynamically determine the properties of ion exchange membranes 
in different operating conditions and diverse electrolyte solutions. Zhang et al. [29] 
compared the ion exchange membrane conductivity obtained from DC and EIS 
(experimental setting and the equivalent circuit for the EIS fitting as shown in 
Figure 6.4). It was confirmed that the overall conductivity of membrane systems 
determined by DC was proportional to the pure membrane conductivity from EIS, 
and the overall resistance determined by the DC equaled the sum of pure mem-
brane resistance, electrical double layer resistance, and diffusion boundary layer 
resistance determined by EIS. It was shown by EIS that there were structural 
changes in the two AEMs, which were caused by a neutral form resulting from the 
degradation reaction of amino groups (weak basicity) with OH− in solutions [25]. 
Reshetenko et al. [32] used DC and EIS to analyze the performance of AEMFCs at 
different operating conditions with a variation of gas humidification and oxygen 
partial pressure. It was found that operation with air led to possible electrolyte poi-
soning by CO2 and cathode mass transfer losses, which resulted in lower perfor-
mance. Diffusion limitations in cathode mass transfer contributed to the formation 
of low-frequency capacitive loop in EIS data.
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Figure 6.4 (a) Schematic view of the experimental setting for DC and EIS measurement 
and (b) the equivalent circuit for the EIS fitting. Rm+s is the resistance of membrane and 
solution, Redl and Rd are the resistance of EDL and DBL, respectively, and CPEedl and CPEd 
are the constant phase element of EDL and DBL, respectively.
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6.5  Carbonation Process in AEMs

6.5.1 Elucidating the Dynamics of Carbonation

High-performance AEMFC requires AEMs with adequate OH− ion conductivity. 
Furthermore, to correlate AEMFC performance with AEM ionic conductivity, it is 
necessary to first understand the true OH− ion conductivity of AEMs, as well as 
the factors that influence it. In practice, however, measuring and knowing the 
actual OH− ion conductivity of an AEM is difficult due to the fast reaction of  
OH− with the carbon dioxide (CO2) in the air (about 400 ppm CO2 concentration). 
As a result, when air is utilized as a source of oxidant instead of oxygen, the  
OH− ions react swiftly with atmospheric CO2 to form larger and less mobile bicar-
bonate (HCO3

−) and carbonate (CO3
2−) anions, via acid–base reactions, as shown in 

Eqs. (6.1) and (6.2) [33]:

 OH CO HCO2 3  (6.1)

 HCO OH CO H O3 3
2

2
 (6.2)

The time it takes for the OH− ion in the membrane to be completely replaced with 
HCO3

− and/or CO3
2− has been estimated to be anywhere between a few minutes and 

a few hours (Table 6.1). In reality, the majority of carbonation occurs during the first 
few minutes, with nearly complete conversion occurring within a few hours [35, 36].

6.5.2 Impact of Carbonation on AEM and AEMFC

Carbon dioxide reactions with OH− ions, which are the dominant charge carriers in 
AEMFC, have significant impact on both membrane and AEMFC performance [37]. 
Carbonation is not only limited to AEMFC but also various other technologies like 

Table 6.1 Time for complete replacement of OH− ion with bicarbonate in AEMs.

Membrane Exposure to CO2 Temperature
Time until OH− is 
completely replaceda

A201 (Tokuyama) Immersed in water in 
contact with ambient air

20 °C 30 min

A201 (Tokuyama) Exposed directly to 
ambient air

Room 
temperature

6 h

ETFE-based radiation-
grafted AEM

Exposed directly to 
ambient air

— 120 min

FAA-3 (Fumatech) Exposed directly to 
ambient air

— ~100 min  
(less than 10%)

(PTFE-based) 
PFAEMGen2

Exposed directly to 
humidified ambient air  
(95% relative humidity)

30 °C 15 min

aDetermined by ion exchanging to Cl− ion and titration using the Warder method.
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the recently reported CO2 pumping/crossover issue in electrochemical CO2 flow 
cells [38], where bipolar membranes are reported to be a viable solution [39, 40]. 
Following the carbonation of OH− ions in AEMFC, a number of consequences have 
been reported. One of them is the difficulty in reproducing air exposed reported 
OH− ion conductivity values of AEMs, measured with existing measurement tech-
niques [31]. As a result, comparing and analyzing the OH− ion conductivity of dif-
ferent air exposed AEMs under the same conditions is difficult, if not impossible. 
The reported values could be the conductivity of the OH−, HCO3

−, and CO3
2− anions 

rather than pure OH− ion [41]. Indeed, partial/complete carbonation of OH− ions 
during conductivity measurement is one of the reasons why OH− ion conductivity of 
AEM is reported to be lower than that of H+ conductivity of PEMs [42]. In this case, 
proper CO2 removal precludes this problem.

The CO3
2− and HCO3

− ions conductivities of AEM are 2.2 and 5.4 times lower 
than the values measured for OH− conductivity [43, 44]. This is primarily due to  
the different molar conductivities of the different anions (CO3

2−  =  13.9 and 
OH− = 19.9 mS m2 mol−1) as shown in Table 6.2. Therefore, the ohmic losses in the 
cell will undoubtedly increase since the main charge carriers are anions with lower 
mobilities (compared to OH− ions) [34]. However, this is not the only possible way 
that the carbonation process can cause a voltage drop. The second issue is that the 
CO3

2− and HCO3
− ions are not consumed at the anode electrode, so they accumulate 

and cause a pH drop. This decrease in the anode pH leads to a Nernstian increase in 
the anode potential, decreasing overall cell voltage [47]. As a result, the accumula-
tion of those carbonated anions on the anode could result in kinetic and thermody-
namic losses [35, 48].

Figure 6.5a–c depicts an AEMFC operating on (i) pure O2 and (ii) ambient air [49]. 
In general, the significant decrease in ionic conductivity of AEM and/or ionomer 
after carbonation processes is estimated to reduce overall AEMFC performance by 
half [51, 52]. As shown in Figure 6.5c, an initial loss of 50% of power observed when 
operating the AEMFC with ambient air [50].

6.5.3 Strategies to Avoid Carbonation of OH− Ions

Few strategies for avoiding carbonation of OH− ions and/or measuring the true OH− 
ions conductivity of AEMs have been proposed  [42]. The main strategies are 

Table 6.2 Ionic Stokes radii, diffusion coefficient, and ionic conductivity of OH−, CO3
2−,  

and HCO3
− at 25 °C.

Species
Ionic Stokes 
radii (Å)

Diffusion coefficient  
(10−9 m2 s−1) in water

Molar ionic conductivity 
(mS m2 mol−1)

OH− 0.472 5.27 19.91

CO3
2− 1.296 0.96 13.86

HCO3
− 2.193 0.6 4.45

Source: Varcoe et al. [16], Nightingale [45], and Besha et al. [46].
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discussed in this section: (i) forcing the release of CO3
2− and HCO3

− as CO2 gas by 
passing an electric current through the membrane, (ii) using gas-purged water 
before or during the experiment, and (iii) using a glovebox containing inert gas.

As discussed in the work of Dekel and coworker [31], the first method proposed 
to measure the true OH− ion conductivity of AEMs is forcing the release of the 
HCO3

− and CO3
2− anions as CO2 gas by applying an external electric current through 

the membrane. Figure  6.6a depicts the experimental setup, Figure  6.6b the pro-
cesses occurring in the AEM while applying DC, and Figure 6.6c the variation in 
AEM conductivity before, during, and after applying current. As shown in 
Figure 6.6a, the samples were exposed to continuous N2 under testing conditions of 
constant 90% relative humidity and 40 °C. The corresponding change in ionic con-
ductivity of the AEM over time is shown in Figure  6.6c. The polybenzimidazole 
(PBI)-based AEM [53] used had a conductivity of 15 mS cm−1 without applying cur-
rent. When a current of 100 μA was applied through the membrane, however, the 
AEM conductivity increased at an exponential rate due to the electrochemical reac-
tions at the electrodes (4H2O + 4e− → 4OH− + 2H2 at the positive electrode)  [31].  
As shown in Figure  6.6b, the current causes HCO3

− and/or CO3
2− anions in the 
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membrane to move to the negative electrode, where CO2 is released via the reactions 
shown below:

HCO CO OH3 2

4 2 42 2OH H O O e

The experiment was carried out for about 30 h, reaching a maximum conductivity 
of around 103 mS cm−1 (Figure 6.6c). This was reported to be the true OH− ion con-
ductivity of the membranes as all CO3

2− anions are replaced by the OH− ions.
Even though this method enables the determination of the actual OH− ions con-

ductivity of AEMs by mitigating the carbonation problem, it is a time-consuming 
technique, especially when a screening procedure is required for a large number of 
membrane samples, at a controlled ion exchange capacity or alkaline stability. 
Recently, this method was used to monitor the OH− ion conductivity of AEM in an 
alkaline stability study [54].

The second method for reducing the negative effect of CO2 carbonation on the 
AEMs is to measure the OH− ion conductivity in a glovebox containing an inert gas 
that is CO2-free [55]. In this method, the membranes are first immersed in an aq. 
NaOH/KOH solution and then washed with pure water to remove excess OH− ions 
before being transferred to the conductivity measuring cell. This procedure is com-
plicated, and the presence of a big amount of degassed water inside the glovebox 
makes it difficult to perform.

The use of gas-purged water during the exchange process [56] or during measure-
ment is another strategy used to combat carbonation and its detrimental conse-
quences. Despite its simplicity, two issues can be raised about this method  [31]. 
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First, the measurement of ionic conductivity in water is far from the actual operat-
ing conditions for AEMFC membranes. Second, the complete removal of dissolved 
CO2 is difficult to achieve, so small amounts of HCO3

− and CO3
2− anions are likely 

to remain during the ionic conductivity measurement.
In addition to the measures mentioned above, AEMs with very high OH− ion 

conductivities can alleviate the unfavorable influence of carbonation on fuel cell 
performance [37, 57]. Therefore, novel design routes and membrane materials are 
required to enhance the ionic conductivity and long-term alkaline stability of AEMs. 

6.6  Conclusion and Outlook

AEMs with high hydroxide (OH−) ion conductivity are required for the practical 
deployment of AEMFCs with high power density. Understanding the ion transport 
mechanisms in AEMs, as well as the factors that influence them, is critical for devel-
oping high-performance AEMs and AEMFCs. This chapter discussed OH− ion trans-
port mechanisms, conductivity measurement methods, and carbonation effects on 
ionic transport in AEMs. Two main H+ transport mechanisms were described: the 
vehicle mechanism and the Grotthuss mechanism. In aqueous solutions, the trans-
port mechanisms of H+ and OH− are depicted analogous depending on external or 
operating conditions such as temperature and relative humidity. Although most 
studies report the Grotthuss mechanism to be the dominant one, there is no collec-
tive evidence to support this theory, requiring further research and a detailed under-
standing of OH− ion transport mechanisms in aqueous medium in relation to 
membrane structure–property variations. Elucidating these mechanisms directly 
supports and assist in identifying the design principles of new AEMs for broad 
range of technological applications in alkaline medium.

Carbonation effects represent one of the most critical phenomena suppressing 
OH− ion conductivity when measurements are performed in open air with exposure 
to CO2. This implies that most values reported in the literature are not an exact rep-
resentation of OH− conductivity, but include the CO3

2− and HCO3
2− partial ionic 

conductivities [58]. This has been reported to significantly reduce the performance 
of AEMFC, and various attempts have been made to avoid carbonation and its nega-
tive impacts. For instance, a recently reported method of forcing the release of the 
HCO3

− and CO3
2− anions as CO2 gas by applying an external electric current through 

the membrane appears to be a promising method. However, it is a time-consuming 
technique which is not suitable for screening a large number of membrane samples. 
Various other methods have also been reported for improved OH− ion conductivity 
measurement of AEMs. However, there is still a gap in the availability of a simple 
and accurate method for determining the OH− ion conductivity of AEMs in a wide 
range of experimental conditions, such as temperature and relative humidity.

In addition to optimizing ionic conductivity measurement techniques, various 
membrane design and synthesis strategies are required to improve membrane ion 
conductivity along with standardized ion conductivity measurement protocols. This 
includes the use of AEMs with a spacer and/or a block-copolymer structure with a 



6  Transport and Conductive Mechanisms in Anion Exchange Membranes138

controlled ionic channel size as well as the use of rigid crosslinkers to design fast ion 
transport channels toward better ionic conductivity and selectivity  [59]. These 
achievements in the combined success of understanding transport mechanisms and 
design strategies will lay a strong foundation for the advancement of ion exchange 
membrane technologies.
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7

Anion Exchange Membranes Based on Quaternary 
Ammonium Cations and Modified 
Quaternary Ammonium Cations

7.1  Introduction

The growing concern about energy consumption due to our modern life style and 
society needs motivates the scientific community to search for alternative energy 
sources different from fossil fuels [1]. Polymer electrolyte membrane fuel cells con-
vert chemical energy stored in fuels (hydrogen, methanol, natural gas, biogas, etc.) 
directly to electric energy and heat. Compared to the conventional proton exchange 
membrane fuel cells, anion exchange membrane fuel cells (AEMFCs) have earned 
increasing attention due to their unique advantages including faster reaction kinet-
ics especially at the oxygen reduction reaction (ORR) , thereby providing low activa-
tion losses, and the extensive electro-catalyst choice such as Ag, Co, Ni, and Fe. As 
a core component of AEMFCs, anion exchange membranes (AEMs) function as ion 
transport medium, fuel/oxidant separator, electronic insulator, and electrode sup-
port. AEMs directly affect the power output and lifetime of a fuel cell [2–4].

The durability and practical applications of AEMFCs are associated with the con-
ductivity, chemical stability, and dimensional stability of their AEM [5]. The degra-
dation of the cationic group is the main reason for AEM poor alkaline stability. The 
strong nucleophilic and basic working conditions promote multiple degradation 
reactions of functional organic cations including Hoffmann elimination, SN2 nucle-
ophilic substitution, ylide formation, and rearrangement reactions in AEMs at ele-
vated temperatures, resulting in the loss of ion conductivity  [6]. Increasing the 
number of ionic groups can increase the hydroxide ion conductivity to some extent, 
but this is accompanied by detrimental excessive water uptake and swelling, resulting 
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in the deterioration of mechanical strength as well as chemical stability of AEMs. 
The higher ion exchange capacity is associated to a greater number of ionic groups 
and hydrophilic regions within the matrix, that increases water uptake and swelling 
of the membrane. Addition of water generally hydrates the OH− ions, generating a 
steric shell around hydroxide and supporting the stability. However, excessive water 
uptake and swelling creates excess solvation that lowers the stiffness, resulting in 
the deterioration of mechanical and chemical stability of AEMs [7]. With the aim of 
developing highly stable AEMs with high power density and long-term durability, 
numerous novel nitrogen-based cations have been investigated. Among them, opti-
mization of quaternary ammonium (QA) groups has been used as the key element 
in many studies over the last two decades. In this chapter, various types of QA cati-
ons and their applicability to improve AEM stability and electrochemical properties 
as well as their effect on carbonation issues in AEMFCs are discussed summarizing 
the past 6 years of research (2016–2022).

7.1.1 Background of AEMFC Invention

Liquid electrolyte-based alkaline fuel cells were originally used for space applica-
tions. However, the main drawbacks associated with the hydroxyl ion-containing 
liquid electrolyte, the carbonation phenomena, and the formation of leaks during 
extended period of operation limit its practical application. Furthermore, carbonate 
salt contained in the liquid electrolyte occasionally blocks the pores of the catalyst 
electrode and limits the fuel cell’s efficiency. A number of research works are being 
carried out on solid alkaline conducting electrolyte polymers, which are less suscep-
tible to carbonation and overcome crossover issues while maintaining all advan-
tages of alkaline fuel cells. The first AEMs from polychloropropene cross-linked by 
divinylbenzene followed by QA functionalization via trimethylamine (TMA) were 
developed by Japanese scientists from the Tokuyama Soda Company  [8, 9]. Since 
then, AEMFCs have become a point of interest for researchers. The main compo-
nents of a typical AEMFC include the anode, cathode, membrane electrode assem-
bly (MEA), and a gasket providing the seal around the MEA to prevent fuel leakage. 
The MEA is fabricated by assembling an anode gas diffusion layer (GDL), followed 
by the anode catalyst layer (CL), AEM, cathode CL, and a cathode GDL. The GDLs 
in both electrodes are composed of two layers, a backing layer of carbon paper or 
carbon cloth and a microporous layer which consists of a mixture of carbon powder 
and hydrophobic polymer (typically polytetrafluoroethylene [PTFE]). The CLs are 
generally made of electrocatalysts and an ionomer, resulting in the formation of 
triple-phase boundaries for redox reactions. The main role of a GDL is to provide 
support for both anode and cathode CLs, distribute the reactants uniformly, and 
transport electrons to the current collector. The working principle of AEMFCs is 
explained elsewhere in many publications and is out of scope of this chapter as this 
review is mainly focused on the QA-based AEMs  [4]. Even though the AEMFCs 
offer fuel flexibility, low oxidation–reduction over-potential and less fuel crossover, 
as well as the elimination of acid corrosion issues, major challenges associated with 
the AEMs, such as dimensional instability, low conductivity, chemical instability in 
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basic environments at high temperatures, insufficient lifetime, and power efficien-
cies have strictly hampered their commercial success so far  [10, 11]. Therefore, 
extensive efforts have been devoted to developing high-performance membrane 
materials. An ideal AEM should possess strong electrochemical performance, which 
can be quantified by its ionic conductivity, ion exchange capacity, alkaline stability, 
and power density as well as excellent mechanical and thermal stability to play an 
efficient role in separating oxidants and fuel as well as transporting hydroxyl ions in 
AEMFCs. 

7.2  Quaternary Ammonium (QA)-Based AEMs – Recent 
Developments and Performances

In fact, developing membrane structures with QA as cationic species is an effective 
way to solve the conductivity and stability limitations of AEMs. Recently, a series of 
AEMs based on QA cationic groups have been developed owing to their facile chem-
ical modification, high hydroxide ion conductivity, and low cost, but they tend to be 
vulnerable to strong nucleophilic attack by hydroxyl ions (SN2 substitution) and can 
also degrade through Hoffmann elimination (E1 and E2), ylide formation, and re-
arrangement reactions, especially in high pH condition and at elevated tempera-
tures. The second-order SN2 substitution leads mainly to the formation of an alcohol, 
whereas elimination reactions result in the formation of double bond 
(Figure 7.1) [12]. It is difficult to prevent the SN2 substitution on a benzylic deriva-
tive which depends mainly on the strength of the nucleophile and on the concentra-
tion of both the benzylic ammonium moiety and nucleophile. On the other hand, 
Hoffmann elimination (E2) can occur only in the presence of a hydrogen atom 
near to the ammonium group in β-position  [13]. The design strategies  
for stable QA groups are very challenging because of the complexity of group  
types, degradation mechanism, operation environments, and so forth. Numerous 
approaches have been made to reduce the weakness of the ammonium group toward 
nucleophilic substitution and degradation. Scientific studies in recent years have 
been gradually focused on the various molecular design strategies, steric hindrance 
effects, spirocyclic structures, etc. Tethered alkyl chain having no β-hydrogens has 
also been proved to avoid the elimination reaction pathways. Moreover, increasing 
the alkylene spacer length between the backbone of an aromatic polymer and the 
nitrogen atom of the ammonium group is reported to be a practical method to 
enhance the chemical stability of membranes to a great extent in an alkaline envi-
ronment. On the other hand, ion aggregation in microphase-separated structures  
of numerous well-defined polymers also boosted the ion migration in membranes  
[6, 10, 14, 15]. Various studies conducted in the last few years and their performances 
are explained below in detail.

Pendent QA groups on the side chain have been reported to be a promising 
method to improve the performance of AEMs. A wide range of polymer backbones 
including poly(ether ketone), poly(phenylene oxide), poly(phenylene), and poly 
(ether sulfones) have been used for the preparation of AEMs by introducing QA 
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cations into the backbone [16, 17]. Benzyltrimethylammonium (BTMA) is one of 
the most commonly used cationic group of AEMs that fill out a lot of requirements, 
but it is liable to degradation under alkaline conditions. The main BTMA degrada-
tion routes are direct nucleophilic substitution (SN2) at benzylic carbon causing ter-
tiary amine formation, substitution at α-carbon producing benzylamine, and N-ylide 
formation through α-hydrogen abstraction from neighboring carbons, followed by 
Hoffmann elimination at β-hydrogen which gives a tertiary amine. Furthermore, 
cationic groups close to the polymer backbone will also induce chain scission. 
Separating the QA cations from the polymer backbone via extending flexible spacers 
of the alkyl side chain pendent to the nitrogen-centered cation results in side-chain 
type or comb-shaped AEMs with excellent alkaline stability. The resonances emerg-
ing from hydrogen atoms of alkyl chain leading as a barrier to rapid decomposition 
of QA cations in alkaline solutions. Poly(arylene ether ketone) (PAEK) with pen-
dent QA groups having different alkyl chains, TMA, triethylamine (TEA), and 
tripropylamine (TPA) were reported by Tuan and Kim. The conductivity and water 
uptake was higher in PAEK–TMA than in PAEK–TEA and PAEK–TPA membranes, 
but mechanical strength was vice versa due to the difference in steric hindrance and 
ionic cluster formation [8]. The effect of various ammonium head groups including 
dimethylbutyl (DMB), dimethylhexyl (DMH), dibutylmethyl (DB), and heterocyclic 
N-methylpiperidinium (Pip) on partially fluorinated AEMs studied by Mahmoud 
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and Miyatake showed the most balanced properties of high conductivity, low water 
absorption, alkaline stability, as well as mechanical stability for Pip-based mem-
branes. The Pip-based membrane achieved an ultimate power density of 232 mW cm−2 
and durability for 240 h at a constant current density of 100 mA cm−2 with an average 
decay of 1.29 mV h−1 [18]. PAEK with iodobenzene pendent functionalized with tetra 
QA carbazole exhibited good thermal and dimensional stability as well as chemical 
stability (90% conductivity retention after treating in 4 M NaOH solution for a 
week)  [19]. The polymers containing the aryl ether bond generally exhibits poor 
chemical stability due to the presence of electron-withdrawing groups such as sul-
fone, ketone, and QA groups. However, polyether sulfones with QA groups at meta 
position to ether linkage prepared via nucleophilic substitution followed by bromina-
tion, quaternization, and anion exchange reaction are reported to be more stable 
than the polymer with QA groups at ortho position [20].

Side chain type AEMs have been shown to have better chemical stability than 
those with QA groups located at benzylic position. m-Polybenzimidazole (m-PBI) 
attached with QA groups and alkene as side chains cross-linked by the thiolene 
reaction exhibited good mechanical, dimensional, and chemical stability  [21]. 
(5-bromopentyl)-Trimethylammonium bromide (BPTMA-Br) grafted PBI also 
exhibited excellent mechanical stability and conductivity. However, the alkaline sta-
bility was not satisfactory (65.3% conductivity retention after 240 h exposure in 1 M 
KOH at 80 °C) as a result of nucleophilic attack by OH− ions toward the C2 position 
of the backbone. Therefore, attention should also be paid to install adjacent bulky 
groups on the reactive C2 position [22]. Tetraalkyl ammonium functionalized onto 
fluoropolyolefin also exhibited efficient ion conductivity and alkaline stability, 
which resulted in impressive device durability during fuel cell application  [23]. 
Long side chain type QA functionalized poly(ether ether ketone) (PEEK) AEMs 
showed a gradual increment in conductivity with increase in methylhydroquinone, 
and the ionic conductivity of the membrane in 1 M NaOH at 60 °C after 30 days was 
around 50% of the initial value. The side chain could enhance the motion of the cati-
ons and facilitate hydrophilic/hydrophobic phase separation structure in the mem-
brane, which is more beneficial to the conduction of anions [24]. Hu et al. conducted 
a study to elucidate the role of the alkyl side chain in poly(aryl piperidinium) copol-
ymers recently. Membranes with alkyl spacers of 0, 1, and 2 showed superior water 
uptake and ion conductivity, while long chain type with alkyl spacers of 6 and 10 
facilitated increase in hydrophobicity and possessed high dimensional stability. The 
prepared membranes exhibited excellent thermomechanical properties as well as 
alkaline stability up to 1000 h in 1 M NaOH solution at 80 °C. Short chain type 
AEMFCs showed a peak power density of about 2.67 W cm−2 at 80 °C and operation 
stability under 0.4 A cm−2 current density for 220 h with a low voltage decline of 
approximately 77 μV h−1  [25]. The rigid side chain introduced on to poly 
(2,6-dimethyl-1,4-phenylene oxide) (PPO) by the Friedel–Crafts acylation with 
4-fluorobenzoyl chloride and subsequent reaction between phenyl fluoride and sec-
ondary amine of 1-methylpiperazine (Figure 7.2) expanded the free volume to con-
struct connected ion transport nano channels, leading to excellent hydroxide 
conductivity and fuel cell performance as mentioned in Table 7.1 [26].
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Table 7.1 Properties of various AEMs and their fuel cell performance.

Membrane 
designation

Type/specialty of 
the membrane

Conductivity 
(mS cm−1)

Alkaline 
stability (% 
retention)

Power 
density 
(mW cm−2) References

PPOCOPhPi-0.55 Rigid side chain, 
Piperazinium

108.0 (60 °C) 500 h in 1 M 
NaOH at 
60 °C: 
99.0%

1210 
(80 °C, 
100% RH)

[26]

PBP-xQ4 Multication 
cross-linker

155.0 (80 °C) 1800 h in 
2 M NaOH 
at 80 °C: 
91.8%

234 (80 °C, 
100% RH)

[27]

PSF-0.1C8-ASD Rod-coil graft, 
N-spirocyclic

136.2 (80 °C) 720 h in 8 M 
KOH at 
80 °C: 
80.0%

850 (80 °C, 
100% RH)

[28]

m-PTP-20Q4 Ether free 
polyaryl 
polymers, 
piperidinium

144.2 (80 °C) 1600 h in 
2 M NaOH 
at 80 °C: 
87.6%

239 (80 °C) [29]

POXIH-OH Cardo polymer, 
pendent QA

73.6 (80 °C) 1200 h in 
1 M NaOH 
at 80 °C: 
90.5%

476 (60 °C) [30]

QPPO-QPOSS-3 QA composite 87.7 (80 °C) 1200 h in 
1 M KOH at 
RT: 102.0%

288 (60 °C, 
RH 100%)

[31]

QPPO-QSiO2-3 QA composite 13.6 (80 °C) 1200 h in 
1 M KOH at 
RT: 91.0%

142 (60°C, 
RH 100%)

[32]

QVT-OH Pore filling, QA 
ionic liquid

32.8 (60 °C) 350 h in 1 M 
KOH at 
60 °C: 
86.3%

545 (50 °C, 
RH 100%)

[33]
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Recently, a new strategy to improve the performance of AEMs is adopted to build 
a side chain-type structure with pendent sterically crowded QA cations by tethering 
terminal alkyne containing QAs, namely, di-cyclohexyl group (TA-CH), di-isopropyl 
group (TA-iP), and di-n-propyl group (TA-nP), onto quaternized PPO copolymers 
through an efficient click reaction (copper catalyzed azide-alkyne cycloaddition 
reaction, CuAAC). The PPO membrane with di-cyclo group (PPO-CH) presented 
excellent alkaline stability with 100% conductivity retention after 216 h of aging in 
1 M NaOH at 60 °C [15]. Majority of researchers synthesize the cationic QA groups 
via the reaction of tertiary amine with benzylic chloromethyl groups on the polymer 
side chain. Chloromethyl methyl ether is an essential raw material in the chlorometh-
ylation reaction, which is extremely toxic and strongly carcinogenic. Furthermore, 
the reaction requires longer reaction time and strict control on temperature. Hence, 
the search to a new safer, quicker, and controllable method is essential, and many 
researchers reported that bromination could replace the chloromethylation for the  
synthesis of QA functionalized polymers. The influence of anchoring QA groups 
(trimethyl ammonium) on different positions of PPO through the chloromethyla-
tion and bromination route on the alkaline stability of AEMs was reported by 
Becerra-Arciniegas et al. The bromination route demonstrated a higher stability of 
ionic conductivity, but mechanical stability and reproducibility are better for the 
chloro methylation route [13].

Membrane 
designation

Type/specialty of 
the membrane

Conductivity 
(mS cm−1)

Alkaline 
stability (% 
retention)

Power 
density 
(mW cm−2) References

S50P50-P25-OH QA blend, 
N-spirocyclic

117.0 (90 °C) 500 h in 2 M 
KOH at 
60 °C: 
80.0%

— [34]

PDOTP-x Alkyl chain 
length

150.0 (80 °C) 1000 h in 
1 M NaOH 
at 80 °C: 
97.3%

2670 
(80 °C)

[25]

QABNP Ether free 
polyaryl 
polymers, 
twisted 
geometry

135.2 (80 °C) 1080 h in 
2 M NaOH 
at 80 °C: 
90.0%

1160 
(60 °C, RH 
100%)

[35]

MXene doped 
QPSU-PQ-10

QA composite 88.7 (80 °C) 30 d in 1 M 
NaOH at 
60 °C: 
80.0%

106 (60 °C, 
RH 100%)

[36]

s-PDTP Aryl ether free, 
pendent 
ammonium

120.0 (80 °C) 1080 h in 
1 M NaOH 
at 80 °C: 
90.0%

1470 
(80 °C)

[37]

Table 7.1 (Continued)
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Inspired from the state-of-the-art Nafion polymer electrolyte membranes that 
possess high conductivity owing to their well-defined hydrophilic/hydrophobic 
phase separation structure, various AEMs with microphase separation structure 
were developed and showed improved conductivity and alkaline stability. Optimizing 
the microphase separation structure is another great challenge to achieve highly effi-
cient ion conducting channels, and various approaches have been pursued recently. 
Blending QA functionalized polymers aids in the formation of micro-phase separa-
tion morphology and favors the formation of ion channels for high-speed ion trans-
fer. Blend membrane of QA functionalized polysulfones and poly(ether ketone) 
(QA-PEEK) cross-linked with N, N, N′, N′-tetramethyl-1,6-hexanedi-amine (TMHDA) 
reported by Li et al. facilely surmounted the trade-off between ion exchange capacity 
and physical stability. Illustration of the blend membrane is shown in Figure 7.3. The 
densely QA functionalized polysulfone acted as “hydroxide ion wires” in the blend 
membrane, forming straight and efficient ion channels for rapid ion transport. In 
addition, the strong covalent interaction induced by TMHDA and the steric hin-
drance by its long aliphatic chain enhanced the physical and chemical stability, 
respectively, of the membranes. Maximum hydroxide ion conductivity at 90 °C up to 
215.4 mS cm−1 and power density of single fuel cells up to 137.2 mW cm−2 at 60 °C 
were achieved [16].

High conductivity is essential for an AEM to achieve high power density of fuel 
cells. Increasing IEC and mobility of hydroxide ions is a direct way to improve con-
ductivity to some extent, but this often comes at the expense of increased swelling 
and degradation of mechanical stability. The architecture of block copolymer-based 
membranes with micro-phase separated morphology also helps enhance the ion 
mobility through the formation of ion-conducting channels, resists dimensional 
swelling, and improves mechanical stability [38, 39]. Inspired by the superiority of 
improved alkaline stability introduced by the alkyl-tethered anion head groups and 
enhanced conductivity through the fabrication of block copolymers, Lin et al. syn-
thesized a triblock copolymer composed of hydrophilic quaternized poly(phenylene 
oxide) segments and hydrophobic poly(ether sulfone) (PES) segments bearing alkyl-
tethered cycloaliphatic QA-head-groups through nucleophilic substitution, Friedel–
Crafts acylation, ketone reduction, and Menshutkin reaction. The designed triblock 
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Figure 7.3 Schematic illustration of the blend membrane. Source: Li et al. [16]. Reproduced 
with permission from Elsevier.



7.2  Quaternary Ammonium  QAA)Based AEMs    ecent  eeeeooments and  erformances 151

copolymers showed micro phase-separated morphology and well-connected ion 
domains resulted in a high ionic conductivity of 105.1 mS cm−1 at 80 °C. Steric inter-
ference offered by the cycloaliphatic structure of cationic groups, and flexible alkyl 
chains were likely responsible for the robust alkaline stability of membranes for 
480 h in 1 M KOH solution at 60 and 80 °C [40]. PES block copolymers containing 
pendent QA enhances the conductivity at temperature above 40 °C than that of the 
polymer-bearing imidazolium cations, but the chemical stability was not much sat-
isfactory. The authors have also taken care to avoid the usage of carcinogenic chlo-
romethylation reagents in their study [17]. As a commercially available elastomeric 
triblock copolymer, poly(styrene-b-ethylene-co-butylene-b-styrene) (SEBS) has 
been investigated as a promising material with microphase separation structure for 
highly conductive and stable AEMs. Recently, a series of side chain-type AEMs 
based on quaternized hexyl bis(quaternary ammonium)-mediated partially cross-
linked SEBS have been reported by Xu et  al.; these membranes showed exciting 
conductivity and mechanical as well as chemical stability. A maximum power den-
sity of about 315 mW cm−2 was also achieved when AEMFCs with this membrane 
operated at 60 °C and 95% relative humidity (RH). It is no surprise that interionic 
cluster domains nano-phase morphology with long-range connecting channels was 
observed by small angle X-ray scattering (SAXS) and atomic force microscopy 
(AFM) owing to the original triblock structure of SEBS [41].

Introducing multiple QA cations into side chains via alkyl spacers is an effective 
way to facilitate the formation of well-connected ion conductive channels, but the 
reaction is complicated and requires strict control. So far, limited studies are 
reported, and most of them are focused on the Menshutkin reaction between ben-
zyl bromide groups and tertiary amino groups containing multiple QA precursors. 
However, benzylic QA cation linkages are instable under strong alkaline environ-
ments. Zhu et  al. reported an initial approach on the synthesis of PPO-based 
AEMs containing multication side chains from a clickable di-quaternized side-
chain precursor via Cu(I)-catalyzed azide–alkyne click chemistry (CuAAC). The 
precursor was synthesized from 3-bromopropyne and 2-([2-(di-methylamino)
ethyl]methylamino) ethanol via nucleophilic substitution and Menshutkin reac-
tion. The membranes have a reasonable alkaline stability, but hydroxide conduc-
tivities were not as high as expected, probably due to the absence of efficient and 
long-range order microphase-separated morphologies that was confirmed by 
transmission electron microscopy (TEM) and SAXS  [42]. Effect of mono and  
di cations reported by Zhu et al. concluded that olefinic-type AEMs with di-QA 
cations exhibit better ion transport properties and alkaline stability  [43]. Well-
connected and clearly phase-separated morphology attained by long flexible multi 
QA cation side chains in PAEK promoted hydroxide ion conductivity and reason-
able alkaline stability to the AEMs  [44]. In view of the shortcoming associated 
with the trade-off between dimensional stability and ion conductivity, a flexible 
multication cross-linker with five and six alkyl spacers was designed by Chen 
et al. They have designed a series of tunable multication cross-linked poly(biphenyl 
piperidinium) (PBP-xQ4) membranes by embedding flexible cationic cross-linkers 
(1,16-dibromo-5,11-(N, N-dimethylammonium) hexadecane bromide [DBDMAH]) 
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(Figure 7.4). The membranes are foldable to many shapes and exhibit impressive 
performance of conductivity and durability as mentioned in Table 7.1 [27]. SEBS 
with multication side chain using 4,4-bipridine as the cross-linker also paves the 
way for constructing well-defined microphase-separated morphology and high 
conduction of AEMs [45].

The main degradation routes of QA groups under alkaline conditions are β-hydrogen 
Hoffmann elimination and direct nucleophilic substitution (SN2) at α-carbons. These 
two degradation pathways produce byproducts such as alcohol, tertiary amine, as 
well as alkene-containing compounds. Utilization of QA groups without β-hydrogen 
atoms is a more direct and effective way to avoid Hoffmann elimination of QA-type 
AEMs. For example, Wu et al. found PPO-based AEM with side chain containing 
dual QA groups without β-hydrogen prepared via CuAAC click reaction showed 
excellent stability with a high retention of >92% conductivity after immersed in 2 M 
NaOH at 80 °C for 480 h [46].
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Figure 7.4 Synthesis of the PBP-xQ4 membrane. Source: Chen et al. [27]. Reproduced with 
permission from Elsevier.
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The degradation of AEMs including the anion exchange group and polymer back-
bone is another challenge that has been more closely studied in recent years. Among 
various cationic head groups such as QA, phosphonium, and imidazolium, QA is 
regarded as a relatively highly stable cation, however, exhibiting different stabilities 
in a severe alkaline environment when attached to different polymer backbones [47]. 
As the stability of the monomer does not correlate to that of the corresponding poly-
mers under the same conditions, stability of QA cations in both monomers and 
polymer are different and need to be correlated for the design concept of an alkaline 
stable polymer. In view of that, Zhang et al. developed poly(phenylene-co-arylene 
ether ketone) with five QA groups on a single phenyl unit but exhibited high degra-
dation rate and poor durability than that of the polymer with the same backbone 
and single QA on the phenyl unit. Moreover, the alkaline stability is excellent in case 
of the corresponding model monomer than that of the polymer [14]. N1 butyl sub-
stituted doubly charged 1-butyl-4-aza-1-azaniabicyclo [2.2.2] octane bromide 
(BDABCO) functionalized poly(vinylbenzyl chloride) (PVBC)/polybenzimidazole 
(PBI) cross-linked membranes demonstrated an ionic conductivity of 91.4 mS cm−1 
at 80 °C and a maximum power density of 340 mW cm−2 at 0.492 V coupling with the 
membrane resistance less than 0.1 Ω cm2. In their study, BDABCO was used to 
improve the compatibility among the polymer and QA groups [47].

In the intensive search for AEMs containing base-stable cations, N-cyclic QA cati-
ons (piperidinium and N-spirocyclic QA) have been reported as predominantly long-
lived in alkaline environment as the typical tetra alkyl ammonium and benzylic 
cations. N-heterocyclic structure with steric conformation and hindrance effect in 
QA cations can efficiently alleviate the substitution and elimination reactions. 
However, tethering of QAs with N-spirocylic structures into the polymer backbone is 
rather complicated, and only a few reports are available. AEMs with pure aliphatic 
polymer backbone containing N-spirocyclic QA prepared via ultraviolet (UV) irradia-
tion using diallyldimethylammonium chloride and diallylpyrrolidinium chloride at 
room temperature avoiding carcinogenic solvents retain 40% IEC after 30 days of 
exposure in 1 M KOH solution at 80 °C  [48]. Among cyclic QAs, piperidine-based 
6-azonia-spiro[5.5]undecane (ASU) and N,N-dimethylpiperidinium (DMP), both 
having spiro-connected six-membered rings, possess exceptional resistance to hydrox-
ide ion attack, even at elevated temperatures. Cross-linked poly(4-(4,4′-biphenyl)-6-
azaspiro[5.5] undecane)-co-4-(4,4′-biphenyl) piperidinium (PB-ASU-PBP) bromide 
membranes displayed excellent alkaline stability of 2000 h in 3 M NaOH solution at 
80 °C. However, the application of these membranes in fuel cells is still limited by 
their low fuel cell performance [49]. Xue et al. synthesized a series of PPOs incorpo-
rating spirocyclic 3,6-diazaspiro[5.5]undecane (DSU) cation/cation strings by a two-
step quaternization strategy. The cyclo quaternization product of DSU was grafted 
onto the PPO backbone to prepare membranes with single N-spirocyclic QA cation, 
and then second quaternization was conducted on the remaining tertiary piperidine 
rings to fabricate membranes with DSU cation strings. The presence of tertiary N 
atoms in the DSU cation resulted in the single-cation membrane degradation through 
Hoffmann elimination and SN2 substitution. However, the N-methyl group in hetero-
cyclic quaternary piperidinium (Qpip) increases the steric hindrance of DSU cation 
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strings and decreases the degradation rate of spirocyclic DSU cation center by SN2 
substitution that provided the membrane a high conductivity retention and IEC [50]. 
The incorporation of five-membered and six-membered N-spirocyclic QA cations in 
the phenyl side chain of PEEKs also resulted in good thermal as well as mechanical 
stability to the MEA fabrication. Conductivity retention of above 74% after 20 days  
of alkaline exposure in 1 M NaOH at 60 °C showed their better alkaline stability. 
However, mechanical strength and elongation of the membranes decreased after 
alkaline treatment suggested the backbone scission of QPEEK  [51]. Meanwhile, 
Qiao et  al. developed a spirocyclic QA ionenes containing 5-/6-membered rings 
based on phenyl and biphenyl which were prepared from tetrakis(bromomethyl) 
monomers showed a better stability than that of the spirocyclic QA with naphthalene 
6-/6-membered rings, indicating the strong electron-withdrawing effect of naphtha-
lene rings [52]. Even though DMP has two anti-planar beta protons, the strong geo-
metric constraints of the six-membered ring make it difficult to reach triangular 
bipyramidal SN2 transition state; hence, the chance of elimination and substitution is 
less and attain good stability. Poly(arylene ether sulfone)s with cyclic tertiary amine 
groups designed via polycondensation reaction with 4,4′-dichlorodiphenyl sulfone 
(DCDPS) displayed good stability, which is more when capped with the methoxy 
group [53]. PES-based AEMs with high-density heterocyclic QA groups prepared by 
polycondensation of the difluoro monomer with biphenol and bis(4-fluoro phenyl) 
sulfone owing to their rigid side chain and cations exhibited high hydroxide ion con-
ductivity of 54.1–82 mS cm−1 at 80 °C and a power density of 141 mW cm−2 with OCV 
of 1.0 V at 60 °C after assembled in a single cell [54].

Rigid N-spirocyclic structure and lack of flexible side chain structural design 
generally possess poor mechanical and conductive properties to the AEM. Flexible 
benzyl-free functional side chain containing ether spaced N-spirocyclic cation 
grafted on polysulfone and cross-linking proposed by Zhang et al. endows an excel-
lent alkaline stability as well as trade-off between mechanical stability as well as 
conductivity to the AEM. The constrained ring conformation of N-spirocyclic QA 
groups elevates the transition state energy of degradation reaction, and ether spacer 
in side chain helps avoid unstable benzylic structure and diminishes the acidity of 
β-H, also promoting aggregation of rigid spirocyclic cations and thus improving 
conductivity significantly. Moreover, cross-linking improved mechanical as well as 
chemical stability of the membrane [55]. A comparative study on AEMs of PPO 
with two pendent N-cyclic QA groups, six-membered DMP and bis-six membered 
ASU prepared by Cu(I)-catalyzed “click chemistry” also supported a similar kind 
of degradation mechanism  [56]. Rod-coil graft design for N-spirocyclic anion is 
another strategy that significantly contributed to the reduction of fragility associ-
ated with its double-cyclic non-planar structure and conductivity improvement. 
n-Octylamine hydrophobic coil grafted N-spirocyclic side chain with polysulfone 
backbone could break through the low power density bottleneck of the N-spirocyclic 
AEMs and bring N-spirocyclic AEMs into the top level among the cycloaliphatic 
AEMs reported in literatures (Table 7.1) [28]. Partially fluorinated poly(arylene ether) 
(PAE)-based AEMs bearing pendent N-spirocyclic QA synthesized by a facile 
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Williamson reaction demonstrated improved alkaline stability as well as conductivity. 
The well-defined microphase-separated structure facilitated the construction of effi-
cient ion transporting pathway and ring conformation of N-spirocyclic QA results in 
an improved stability to the membrane  [57]. Porous ionically cross-linked AEM 
(S50P50-P25-OH) prepared using a blend of pyridine bridged polybenzimidazole 
(PyPBI) and N-spirocyclic QA spiro ionene polymer (SP) resulted in a hydroxide ion 
conductivity of 117 mS cm−1 at 90 °C, and the value retained 80% even after 500 h of 
alkaline treatment in 2 M KOH at 60 °C [34].

To prevent both polymer and functional groups from base degradation, Yang et al. 
reported membranes with N-alicyclic QA and imidazolium cations with bulky sub-
stituents tethered to aryl-ether free polyaromatic backbones. The size of the cation 
has a significant role in various properties of the membrane. All the membranes 
exhibited an excellent stability in 2 M NaOH solution at 80 °C for 30 days. A peak 
power density of 559 mW cm−2 at a current density of 2000 mA cm−2 at 80 °C under 
100% RH with 0.1 MPa back pressure was reported for the H2/O2 fuel cell with QA 
tethered poly((fluorene alkylene)-co-(biphenyl alkylene)) (PFBA-QA) mem-
brane [10]. In contrast to N-spirocyclic QA, the incorporation of aliphatic monocy-
clic QA cations such as Qpip is relatively straightforward and less expensive. The 
ether-free polyfluorene AEMs with alkyl N-methyl piperidinium groups were syn-
thesized by Salma and coworkers, and they observed that the alkyl-substituted 
N-methyl piperidinium cationic group is relatively stable in alkaline conditions at 
80 °C in 1 M NaOH solution  [58]. Configuration with dual pairs of Qpip cations 
tethered to poly(fluorine alkylene)s via flexible spacers also reached high conductiv-
ity and thermal as well as chemical stabilities. Careful evaluation of data revealed 
that a β-hydrogen in a piperidine ring is nearly eight times less likely to be attacked by  
hydroxide than a β-hydrogen in an alkyl spacer [59]. Cross-linked PBI/quaternized 
poly(vinylbenzyl chloride) (QPVC) AEMs with the ether bond free backbone and 
cyclo aliphatic cation (N-methyl piperidinium) possessed well-defined hydrophilic/
hydrophobic phase-segregated structure, leading to good alkaline stability and 
robust mechanical, thermal, as well as conductive properties [60]. Alkaline stability 
of various functional groups that are linked to the main chain via flexible spacers 
especially heterocyclic QA in the end of flexible spacers is rarely reported. 
Trimethylammonium, 1-methylpyrrolidinium, 1-methylpiperidinium, 1- methylimidazolium,  
and 1,2-dimethylimidazolium grafted to the PES backbone via flexible spacers were 
analyzed for their electrochemical properties. AEM carrying 1- methylpyrrolidinium 
and 1-methylpiperidinium displayed the highest stability due to the conformational 
restrictions imposed by the cyclic structure. Moreover, the former exhibited even more 
robust alkaline tolerance because substitution was the only active degradation path-
ways but later undergo both substitution as well as ring opening reaction [61].

Many efforts have been focused recently on designing and synthesizing cationic 
polymers for improving hydroxide ion conductivity and chemical durability of 
AEMs. As the long-term durability in strong alkaline environment cannot be guar-
anteed enough by aryl ether backboned polymers because aryl ether bonds undergo 
hydrolysis under alkaline conditions, many polymers without aryl ether bonds are 
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highly demanded as the backbone of AEMs. A series of aryl ether free poly(olefin)-
based AEMs comprising QA cations were prepared by Qiu and coworkers by intro-
ducing triallylmethyl ammonium iodine as both the cross-linker as well as ionic 
conductor. Considering the excellent chemical and physical property, the single-cell 
performance reported is not satisfactory, and further optimization on the MEA and 
fuel cell fabrication is required in their study [62]. Zhang’s group developed AEMs 
with poly(N-allylisatin biphenyl)-co-poly(alkylene biphenyl)s (PIB-co-PAB) back-
bone free of C―O bonds by super-acid catalyst Friedel–Crafts polymerization. 
N-spirocyclic QA groups were tethered to the PIB-co-PAB polymer backbone by 
cycloquaternization followed by thiolene click chemistry to solve swelling and 
achieve mechanically stable high conductive AEMs. N-spirocyclic QA groups pro-
mote the chemical stability of the prepared membranes and achieved a conductivity 
retention of 65.19% after storage in 1 M NaOH solution at 80 °C for 1000 h [63]. Wang 
et al. found an excellent chemical resistance of 3000 h at 80 °C in 1 M NaOH/CD3OD/
D2O solution for aryl-ether free polystyrene (PS) functionalized with bis-six- 
membered N-cyclic QA (ASU) due to the high ring strain of ASU, which raises the 
transition state energy of both substitution and elimination reactions. Moreover, the 
SEBS/PS-ASU blend membrane also displayed 83.2% conductivity retention after 
1800 h of exposure in 5 M NaOH at 80 °C [64]. Aryl ether free IEC controlled side-
chain type poly(dibenzbeyl-co-terphenyl piperidinium) (s-PDTP) copolymer-based 
membranes synthesized by a bimolecular nucleophilic substitution (SN2) reaction 
between 6-bromo-N, N, N-trimethylhexanaminium (Br-HTMA) and poly(dibenzyl-co- 
terphenyl N-methyl piperidine) (PDTM-50) with pendent ammonium groups exhib-
ited an ion conductivity of >120 mS cm−1 at 80 °C and an excellent ex situ durability 
in 1 M NaOH at 80 °C for 1000 h (90% conductivity retention) as well as a peak power 
density of 1.47 W cm−2 in H2–O2 and 1.04 W cm−2 in H2–air (CO2 free) at 80 °C [37].

Ether free polyaryl polymers prepared by superacid catalyzed Friedel–Crafts 
polymerization owing to their simple synthesis method and high alkali resistance 
have attracted great interest as an AEM material. However, monomer selection as 
well as relationship among structural design and properties needs further investiga-
tion. In view of that, Long et al. developed a series of free ether poly(aryl piperi-
dinium) membranes with various main chain steric configurations based on meta 
and para terphenyl and diphenyl/p-terphenyl copolymer tethered with stable piperi-
dinium cation. However, their results indicated that the difference in cationic 
groups has a main influence on the alkaline stability than the polymer chain con-
figuration. An excellent stability of about 1600 h after being treated in 2 M NaOH at 
80 °C (80%–90% conductivity retention) was observed for all the membranes [29]. A 
gradual improvement in steric hindrance is reported for N-cyclic cations, with size 
ranging from small piperidinium to sterically protected N-spirocyclic QA. Twisted 
ether free poly(terphenylene)s backbone tethered with piperidinium resulted in the 
microphase-separated morphology and a conductivity of 68.7 mS cm−1 at 80 °C [2]. 
Inspired by free volume and side chain benefit, octopus-like side chains grafted onto 
ether free poly(arylene piperidinium) backbones were prepared by Ma et al. The 
side chain with bulky rigid β-cyclodextrin (β-CD) as the “octopus head,” and long 
flexible piperidinium ionic liquids as the “arms” contributed to enhanced alkaline 
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stability of membranes  [65]. Gao et  al. prepared ether free quaterphenyl 
 piperidinium-based AEM with twisted 1, 1′-binaphthyl (BN) via a superacid cata-
lyzed Friedel–Crafts polyhydroxy alkylation reaction to ameliorate the perfor-
mances. The bulky twisted geometry imparted well-connected microphase 
separation with enhanced ionic conductivity of about 135.25 mS cm−1 at 80 °C and 
exceptional alkaline stability in 2 M NaOH at 80 °C for 1080 h (90% conductivity 
retention). Moreover, the single cell assembled with the membrane possessed a 
maximum power density of 1.16 W cm−2 at a current density of 2.37 A cm−2 [35].

Among the promising polymeric structures, the Cardo structure in which polymers 
containing cyclic side groups in the repeating units has become a preferable subject 
for AEMs recently. Cardo polyelectrolytes based on poly(oxoindolebiphenylylene) 
with pendent cyclic QA cations of different chain lengths synthesized by the 
 superacid-catalyzed polyhydroxyalkylation of bromoalkyl-substituted oxoindoles 
with biphenyl and subsequent quaternization owing to the presence of flexible side 
chains and Cardo structure facilitated the formation of micro phase separation and 
connected ionic domains and hence promoted stability and conductivity. Increasing 
side chain length improved the scale of micro phase separation and solved trade-off 
between conductivity and alkaline stability to a certain limit [30].

Various factors such as IEC, micro-phase separation morphology, as well as 
effective ion diffusion coefficient could affect the electrochemical performance of 
the membrane. Therefore, more investigation is required to find the mechanism of 
change in ionic conductivity and stability of AEMs. Generally, molecular dynamic 
simulation could provide in-depth information of micro structure and ion trans-
port process in membranes beyond the experiments. Coarse-grained molecular 
dynamics simulations of QA functionalized PEEK with side chains of two QA 
groups (GQ) and single QA (SQ) under the same grafting degree were conducted by 
Chen et al. to investigate the mechanism of stability and conductivity. They found 
that remarkably identical self-diffusion coefficients in SQ and GQ have little con-
tribution, while the high IEC of GQ results in the improved ionic conductivity of 
GQ. Furthermore, the radial distribution function (RDF) analysis, a trajectory-
based analysis, reveals that more water molecules wrap around the OH−1 in GQ 
leading to higher alkaline stability to the membranes. The work provides an  
in-depth understanding of the design of graft copolymer-based AEM with QA 
functional side chains [66].

Room temperature ionic liquids, liquids at room temperature composed of organic 
cations and organic/inorganic anions owing to their low volatility, good thermal 
stability, high conductivity, and wide electrochemical window, have displayed curi-
ously beneficial qualities as a potential material for AEM preparation for fuel cell 
application. However, the poisoning effect on catalyst and leakage are the main 
drawbacks. Polymerizing ionic liquids helps increase the stability and ionic conduc-
tivity, and considerable studies on polyionic liquids for AEMFC applications are 
available. Ionic liquid with QA and tertiary amine head groups synthesized from 
4-vinylbenzylchloride (VBC) and tetramethylethylenediamine (TMEDA) after 
polymerization at 100 °C in porous polyethylene substrate result in pore-filled mem-
branes with no catalyst poison anymore [33].
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Embedding inorganic components into organic polymers can combine the advan-
tages of both polymer and inorganic materials. Considerable research has been 
devoted to inorganic–organic hybrid membranes to achieve high performance of 
AEMs, and a variety of inorganic materials including graphene oxide (GO), silica 
(SiO2), layered double hydroxide (LDH), and carbon nanotube (CNT) have been 
widely applied. However, the properties were always limited by the dosage of the 
inorganic materials as the high level of the filler will block the ion conductivity as 
well as mechanical stability of the membranes. More effective strategies are desired 
to apply inorganic materials in AEMs. Functionalization of inorganic materials 
with cationic groups is an effective method used widely. N-spirocyclic ammonium 
(6-azonia-spiro[5.5]undecane groups) functionalized graphene oxide (ASU-GO) 
incorporated piperidine functionalized PPO (PIPPO) exhibited a maximum conduc-
tivity of 73.7 mS cm−1 at 80 °C and conductivity retention of about 90% even after 
alkaline immersion in 1 M KOH at 80 °C for 700 h [67]. Doping 5-mercaptotetrazole 
modified graphene oxide (QGO) in quaternized PPO (QPPO) resulted in a highest 
ionic conductivity of 75 mS cm−1 at 80 °C [68]. Several researchers have reported the 
application of glycidyl trimethyl ammonium chloride into the nanomaterials to 
improve fuel cell performances. Our previous works showed that glycidyl trimethyl 
ammonium chloride has good alkaline stability and high ion conductivity. QA func-
tionalized silica (QSiO2) and polyhedral oligomeric silsesquioxane (QPOSS) in QA 
functionalized PPO exhibit high conductivity as well as outstanding alkaline stabil-
ity to the membranes (Table 7.1). The high stability is ascribed to the steric hin-
drance offered by the long glycidyl trimethyl ammonium chain. The influence of 
various parameters such as thermal and mechanical stability, IEC, and fuel cell per-
formance has also been reported in the work  [31, 32]. Two types of 2D MXenes  
(LiF-Ti3C2Tx and NH4HF2-Ti3C2Tx) prepared by selective etching of Ti3AlC2 with 
LiF/HCl and NH4HF2 aqueous solutions respectively introduced into quaternized 
polysulfone/polyquaternium (QPSU/PQ) interpenetrating network resulted in an 
obvious nanoscale microphase separation morphology with excellent thermome-
chanical as well as electrochemical properties. A maximum conductivity of 
88.76 mS cm−1 at 80 °C and power density of 88.76 mW cm−2 at 80 °C and 106.28 mW cm−2  
at 60 °C were observed for the composite AEMs [36]. Properties of various AEMs 
with better stability and cell performances discussed in the above section are sum-
marized in Table 7.1.

7.3  Other Factors Affecting Performance of Fuel Cells

It is worth mentioning that the performance of fuel cells is pertinent to the MEA 
fabrication, ionomers, catalyst, and operating conditions such as temperature, 
humidity, and gas flow rate. Therefore, it is difficult to directly compare the cell 
performance of various AEMs measured in different conditions published in vari-
ous studies. Water management has a significant role in fuel cell performance as the 
water moves from the cathode to anode due to electro-osmotic drag resulting in 
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anodic catalyst flooding that can lead to the deterioration of cell performance. 
Optimizing this aspect can make a great difference to AEMFC performance [69].

It is well known that the deterioration of AEMs and un-optimized MEA fabrica-
tion is supposed to be responsible for the insufficient durability of the fuel cell 
devices. Mechanical stability and thickness of the membranes is of high importance 
as the very thin membranes enable fast water transport and reduce the influence of 
voltage drop across the membrane. Therefore, the membranes need to be as thin as 
possible and only as thick as it is necessary to guarantee the mechanical stability 
under operating conditions. Moreover, hydration level affects ionic conductivity 
than does temperature in controlling the anion conductivity in water vapor [32, 70]. 
The catalyst–ionomer interaction should be high to get good adhesion among the 
electrode and membrane and avoid the crack formation on the electrode that nota-
bly impacts on the ultimate cell performance [71]. Optimization of the ionomer and 
thereby power density is a blooming field of study. AEM carbonation in the CO2-
containing atmosphere also adversely affects the fuel cell performance. An AEM in 
OH− forms through acid–base reactions with CO2, creating carbonate (CO3

2−) and 
bicarbonate (HCO3

−) anion that reduces conductivity and hence the overall fuel cell 
performances. Carbonate (CO3

2−) form is the lead species during fuel cell operation 
and are weaker nucleophiles than OH− [69]. Achieving the performance goals out-
lined by the US DOE every facet such as MEA components and its fabrication, fuel 
cell working conditions, etc. require optimization. 

7.4  Summary and Perspectives

The focus on developing QA-based AEMs has increased momentously in the past 
decade and accelerated in the period from 2016 to the present with the rise in 
recorded AEMFC performances. Their availability and ease to convert tertiary 
amines to QA groups, low cost, and adequate alkaline stability makes them have 
more potential as a novel cation in AEM fabrication. However, electron-deficient 
properties determine the degradation via nucleophilic substitution or elimination in 
highly alkaline conditions, especially at high temperatures. An ideal AEM should 
possess high conductivity and excellent stability under alkaline conditions to meet 
AEMFCs’ practical application and commercialization. The micromorphology and 
chemical structure of cations as well as the polymer backbone have a great impact 
on the properties of AEMs. In this chapter, we provided an up-to-date summary of 
QA-based AEMs with various chemical structures and morphology favorable for 
fuel cell applications.

Many design criterions and conclusions including avoiding the benzylammo-
nium structure in AEMs, optimizing the microphase separation structure of AEMs, 
weakening the OH− susceptibility of cationic groups and polymer main chain, 
reducing the number of aryl ether bonds in the polymer backbone, and embedding 
polyionic liquids and functionalized nano particles have been summarized in this 
review. The use of long flexible multi cation side chains leads to the solution of 
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trade-off between conductivity and alkaline stability of the membranes. Among the 
ammonium species, N-spirocyclic QA cations possess outstanding alkaline stability 
that extends its application scope to many commercialized high-performance poly-
mer membranes. The alkaline stability could also be enhanced through the forma-
tion of side chain containing multi cations without β-hydrogen. Under highly 
alkaline environment and high temperatures, an excellent stability is crucial to 
ensure long-term operation of fuel cells. The minimum commercial demand of 
long-term stability is >5000 h at 80 °C, which has not been realized yet. In fact, the 
fabrication of AEMFCs is a complex procedure as there are many parameters such 
as gas flow rate, catalyst, as well as working conditions that affect the performance 
of AEMFCs. Therefore, more focus on properties of AEMs under practical working 
conditions is required.
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8

Guanidinium Cations and Their Derivatives-Based 
Anion Exchange Membranes

8.1  Introduction

Quaternary ammonium (QA) cations are the most widely studied ionic groups used 
in anion exchange membranes (AEMs). Due to the existence of various degradation 
routes including nucleophilic substitution, Hoffmann elimination, and ylide forma-
tion under strong alkaline conditions  [1], its application in the field of AEMs is 
largely restricted, making the development of novel cationic groups with excellent 
alkaline stability become a very important research focus.

Guanidinium is a relatively unexplored organic cationic group with a resonantly 
delocalized structure: positive charges are distributed over the three nitrogen atoms 
in a four-atom planar structure [2]. Due to the resonance stability of the π system 
and the characteristics of “Y-type delocalization,” its stability is comparable to that 
of cyclic aromatic hydrocarbons such as benzene [3]. The structural characteristics 
of the resonant delocalization give it good thermal and chemical stability. In addi-
tion, guanidinium hydroxide is a strong basic ion pair, which can effectively increase 
the number of dissociated OH− ions and absorb more water molecules, thereby 
helping to improve the ion conductivity of the AEM [4]. Moreover, the possibility of 
introducing six diverse substituents to the guanidinium core boosts its structural 
tunability and functional designability. Therefore, guanidinium is an ideal ionic 
group with a great promising potential and applications in AEMs.
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8.2  General Synthetic Method of 
Various Guanidiniums

The two most common synthetic routes toward various guanidinium cations are 
shown in Figure 8.1. In Method 1, alkyl substituted guanidinium can be obtained in 
one step by a nucleophilic substitution reaction between commercially available 
N,N-dimethylphosgeniminium chloride and a secondary amine  [5]. This method 
was used in the early days to prepare guanidinium ionic liquids, that is, it was often 
used to make small monomeric molecules or model compounds, but it is not com-
monly used in the preparation of guanidinium-based AEMs. This may be due to the 
fact that this method involves the reaction of secondary amine polymers: in poly-
mers containing a large number of secondary amines, the two secondary amine 
groups will react with a single N,N-dimethylphosgeniminium chloride to form a 
cross-linked structure, resulting in poor controllability of the reaction and thus rela-
tively difficult binding of guanidine compounds to the polymer framework.

The second method for the preparation of guanidinium is the phosphorus oxy-
chloride method or the oxalyl chloride method, using a commercially available sym-
metrical tetraalkylurea as the starting material [2]. In this synthetic route, primary 
amines are usually reacted with the Vilsmeier salt to prepare pentaalkylguanidine, 
followed by quaternization to obtain guanidinium. Since a large number of primary 
amines are commercially available, it is easy to design and adjust the structure of 
pentaalkylguanidine to obtain guanidinium with different structures. In addition, 
guanidinium can also be directly obtained by the reaction of secondary amine and 
Vilsmeier salt  [6, 7]. While preparing guanidine using Method 2, the following 
points need to be noted: first, since the Vilsmeier salt decomposes easily in water, it 
is necessary to remove all traces of water from the reaction system and solvent. The 
solvents used in this reaction are usually nonpolar, such as toluene and chloroben-
zene. Second, the reaction of the primary or secondary amine with the Vilsmeier 
salt is violent and exothermic, and the process of slowly adding the primary or sec-
ondary amine into the Vilsmeier salt solution needs to be performed in an ice-water 
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Figure 8.1  The common synthesis methods of guanidinium cations. Source: Jifu Zheng.
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bath. Third, when purifying a pentaalkylguanidine, deprotonation with a concen-
trated NaOH solution is necessary, and finally distillation at reduced pressure is 
used to purify the pentaalkylguanidine. Method 2 is the most widely used method to 
prepare guanidinium cations. This method is simple, efficient, and, most impor-
tantly, allows for a good control of the six substituents, which can greatly enrich the 
structural types of guanidinium substituents. 

8.3  Degradation Mechanism and Alkaline Stability 
of Guanidinium Cations

To improve the stability of ionic groups in AEMs, it is important to understand the 
degradation mechanism of such ionic groups. Compared to the widely studied QA 
and imidazolium, the degradation process of guanidinium has been less studied. 
Kim’s group [8] analyzed the degradation route of pentamethyl-aryl guanidinium 
through theoretical calculations. They supposed that in the degradation process of 
aryl guanidinium, the hydroxide ion first attacked the central carbon atom of the 
guanidinium to form an intermediate, which then decomposed to give the corre-
sponding tetramethyl urea and dimethyl amine. Mohanty and Bae [9] quantitatively 
studied the degradation process of a variety of small-molecule model compounds 
including pentamethyl-benzyl guanidinium by nuclear magnetic resonance (NMR). 
They found that the benzyl guanidinium rapidly degraded at 60 °C, while benzyl-
trimethyl ammonium ions maintained long-term stability. In addition, they reported 
that the guanidinium degradation products might undergo further rearrangements 
and other side reactions, so the degradation products of guanidinium could not be 
accurately confirmed, but they speculated on the presence of benzyl alcohol mole-
cules in the degradation mixture based on spectral analysis. Similarly, Li et al. [10] 
studied the degradation processes of three typical guanidinium cations including 
pentamethyl-benzyl guanidinium, pentamethyl-aryl guanidinium, and hexamethyl 
guanidinium through theoretical calculations. According to their calculations, 
Step 2 of the intermediate decomposition process is thought to be the decisive step 
in the degradation of the guanidinium (Figure 8.2). At the same time, they specu-
lated that guanidinium has poor alkaline stability since calculations showed that 
degradation of guanidinium has a lower activation energy barrier. In addition, by 
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Figure 8.2  The degradation mechanism of guanidinium in alkaline solution [10]. Source: 
Jifu Zheng.
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comparing the activation energy barriers of pentamethyl-benzyl guanidinium, 
 pentamethyl-aryl guanidinium, and hexamethyl guanidinium in the two stages of 
the degradation process, they found that hexamethyl guanidinium has the highest 
activation energy, pentamethyl-benzyl guanidinium has moderate activation energy, 
and pentamethyl-aryl guanidinium has the lowest activation energy. Therefore, 
they believed that pentamethyl-aryl guanidinium is more susceptible to hydroxide 
attack than hexamethyl guanidinium and pentamethyl-benzyl guanidinium. In 
addition, the frontier molecular orbital is an important parameter of chemical reac-
tions, and the lowest unoccupied molecular orbital energy (LUMO) is usually used 
to measure the ability of a molecule to accept electrons  [11, 12]. Therefore, the 
LUMO energy can be used to illustrate the relative stability of the guanidiniums. 
The relative order of the LUMO energies of the three guanidiniums is consistent 
with the activation energy barrier, which provides support that hexamethyl guani-
dinium has the best alkaline stability, followed by pentamethyl-benzyl guanidin-
ium, and pentamethyl-aryl guanidinium is the least stable. The possible reason is 
that the methyl group has an electron-donating effect, which enhances the electron 
density of hexamethyl guanidinium, while the aryl group has an electron- 
withdrawing effect. The benzyl group has a conjugation effect, which makes benzyl 
 guanidinium more alkaline stable than the aryl guanidinium.

These results confirm that the substituent type of guanidinium strongly influ-
ences the corresponding alkaline stability. Our research group  [13] analyzed the 
degradation products of four benzyl guanidiniums containing aliphatic chains of 
different lengths (n = 1, 6, and 12) through experimental methods. Using heteronu-
clear multiple bond correlation (HMBC) NMR spectra and mass spectroscopy anal-
ysis of the degradation products (taking QG6 as an example), we found that the 
guanidinium was more easily degraded to urea and small amines, while no benzyl 
alcohol molecules could be found in the degradation mixture (Figure  8.3). This 
demonstrated that the degradation process of guanidinium is different from that of 
the benzyl trimethylammonium cation. The degradation reaction site of guanidin-
ium occurs only on the central carbon atom, but not on any other carbon atom, 
which may be directly related to the unique delocalized resonance structure of 
guanidinium.

In 2019, our research group [14] prepared more guanidinium model compounds 
(Figure 8.4) by further tuning the substituent groups and systematically studied the 
relationship between the guanidinium structure and the alkaline stability by 1H 
NMR analysis. First, M4, M5, and commercially available benzyl trimethylammo-
nium chloride (BTMA) were taken as examples to describe the degradation process 
of guanidiniums and QA. As shown in Figure 8.5, their structures contained benzyl 
groups, which was the most common building unit of the reported AEMs. It was 
noted that no proton resonances ascribed to olefin or alcohol could be found in the 
1H NMR spectra, indicating that no β-H elimination or nucleophilic substitution 
occurred during the degradation process of M4 and M5. These results demonstrated 
that the degradation mechanism of guanidinium is different from that of BTMA, 
where benzyl alcohol is one of its degradation products. As for guanidiniums, the 
degradation reaction occurred in a nucleophilic addition–elimination way: first, the 
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center C atom was attacked by OH− and yielded an intermediate (addition reaction), 
then one of the N atoms was protonated, and the elimination reaction occurred to 
form corresponding degradation products including urea and amine. The remain-
ing cations of M4, M5, and BTMA after different immersion times are compared in 
Figure 8.5b. The alkaline stability sequence was M5 > BTMA > M4, indicating that 
tuning the substituents of guanidiniums achieves higher stability than typical QA 
under the same conditions.

Similarly, the degradation process of other guanidiniums was studied in the same 
method. The resulting cations from each guanidinium model compound in the solu-
tion within a certain immersion time are summarized in Figure 8.6a. Based on this 
results, the relative stability of these guanidinium cations was obtained. Guanidinium 
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model compounds M1, M2, and M3 all contained a phenyl group at the N2 position, 
and their alkaline stability followed the sequence of M3 > M2 > M1, showing that 
when the methyl group was changed to the ethyl group, the guanidiniums presented 
better stability.
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Figure 8.7  LUMO energies of M3, M5, and M8 [14]. Source: Jifu Zheng.

Guanidinium model compounds M4, M5, and M6 all contained a benzyl substitu-
ent, and their sequence of alkaline stability was M6 > M5 > M4. Especially, when the 
isopropyl group was introduced in M6, the guanidinium presented excellent stabil-
ity (no degradation could be found even after 312 h). Based on the above results, we 
speculated isopropyl and ethyl groups had greater steric hindrance than methyl 
groups, which could effectively protect guanidinium from OH−, so these “protected” 
guanidinium had better alkaline stability.

As for M3, M5, and M8, besides five ethyl substituents, the sixth substituent was 
the phenyl, benzyl, and ethyl group, respectively. The sequence of their alkaline 
stability was M8 > M5 > M3. This was consistent with the LUMO energy calculation 
results as shown in Figure  8.7, of which the order of LUMO energy was M8 
(−0.1556) > M5 (−0.1597) > M3 (−0.1717), and as reported, the LUMO energy was a 
referable parameter to state the relative ability of cations. The lower the LUMO 
energy of the cations, the easier they could be attacked by OH− [9–12]. Hence, the 
influence sequence of the substituents was ethyl > benzyl > phenyl. This result was 
different with those of some reported work in which they claimed the benzyl guani-
diniums might undergo faster degradation reaction than phenyl guanidiniums 
because of the nucleophilic attack by OH− at the benzylic position [15]. But in fact, 
in our study, no nucleophilic substitution was found for benzyl guanidiniums dur-
ing the degradation process as described above, and benzyl guanidiniums showed 
much better alkaline stability than phenyl guanidiniums. This could be due to the 
higher LUMO energy value and electron-donating characteristics (a proxy for 
LUMO) of the benzyl group.

Among the symmetrical guanidiniums of M7–M9, M8 containing ethyl substitu-
ents exhibited the best alkaline stability, leaving more than 96% cations remaining 
after 312 h at 60 °C. M7 with six methyl substituents displayed weaker stability than 
M8; in this case only 45% of the resulting cation was observed after 6 h. Cyclobutyl-
substituted M9 showed the lowest alkaline stability, and no cation remained even 
aging for 6 h. Figure  8.8a,b showed the single-crystal structures of M8 and M9, 
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respectively, where the coplanar central C atom and the three N atoms could be 
clearly seen. M8 with the N,N-diethyl substituents resembled a crab with free legs, 
and the pyrrolidine substituents in M9 were also large but with fewer degrees of 
freedom, making M9  look like a tied crab. Moreover, as shown in Figure  8.8c,d, 
there existed cross-peaks correlating Ha and Hb in the 2D 1H–1H correlation nuclear 
overhauser effect spectroscopy (NOESY ) of M8; in contrast, no extra correlation 
signal could be found for M9. These results suggested that the ethyl groups in M8 
underwent free rotation around C―N bonds, leading to the strong interplay between 
the neighboring ethyl groups, while the ring structure of M9 limited the rotation of 
the cyclobutyl groups. The variable-temperature 1H NMR spectra in Figure 8.8e,f 
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further identified the difference in rotation contributing to different steric hin-
drances between M8 and M9. For M8, a broad single H signal could be observed at 
333.2 K, demonstrating that the ethyl groups moved faster than the frequency differ-
ence between the two sites. At lower temperatures, the peak splits into two multiple 
H signals, indicating a decrease in the moving speed. But the ethyl groups still 
moved at a certain speed even at 193.2 K, which was different from M9. Therefore, 
the low degree of freedom of the ring substitution structure led to small steric hin-
drance, which might be responsible for the poor stability of M9 in alkaline solutions.

Briefly, the percentage of guanidinium cations remaining in the alkaline solu-
tion over time is summarized in Figure 8.6b. It could be seen that the stability of 
the model compounds followed the sequences: M6 > M8 > M5 > M3 > M2 > M7 
> M4 > M1, M9. This suggested the order of substituents contributing to alkaline 
stability were isopropyl > ethyl > benzyl > phenyl, and ethyl > methyl > cyclobutyl. 
Guanidiniums with free and bulky alkyl substituents showed excellent resistance 
to alkaline conditions, demonstrating that the steric effect played a key role in 
protecting guanidiniums from the attack of OH−, i.e. the larger steric hindrance 
was, the more stable guanidinium might be obtained. This steric effect was benefi-
cial to prepare highly stable guanidinium-based AEMs.

In conclusion, current studies on the degradation mechanism and alkaline stabil-
ity of guanidiniums are still relatively limited, and most of them are in their initial 
stages. It remains to be further verified whether guanidiniums are suitable ionic 
groups by introducing them into the AEMs. 

8.4   Preparation of Guanidinium and Their 
Derivative-Based AEMs

In recent years, various methods have been explored to prepare guanidinium func-
tionalized polymers: (i) Nucleophilic substitution reaction between halomethylated 
polymers and pentaalkylguanidine [4, 16, 17]. (ii) Grafting of polymers containing 
primary amines (or secondary amines) with Vilsmeier salt [18]. (iii) Nucleophilic 
substitution reaction of polymers containing activated fluorinated benzene and 
tetraalkylguanidine and further quaternarization [9, 13, 15]. (iv) Different polymeri-
zation reactions using guanidine (or guanidinium) functional monomers [14, 19, 20].  
(v) Directly polycondensation reaction of guanidinium hydrochloride and diamine 
[21]. The researchers used the above methods to design and prepare guanidinium 
AEMs with different structures. Guanidinium and their derivative-based AEMs are 
divided into the following categories based on the different types of the substituents 
in the reported guanidinium structure.

8.4.1  Benzyl-guanidinium AEMs

In 2010, our research group  [4] optimized the chloromethylation conditions of 
poly(aryl ether sulfone) (including solid content, temperature, and time and catalyst 
content), and chloromethylated poly(aryl ether sulfone)s with different degrees of 



8.4 Preparation of Guanidinium and Their Derivative-Based AEMs 177

substitution were obtained, and then chloromethylated poly(aryl ether sulfone) and 
pentamethyl guanidine underwent a nucleophilic substitution reaction, and a series 
of guanidinium-based poly(aryl ether sulfone) AEMs PSGOH were successfully pre-
pared (Figure 8.9a). The OH− conductivity of the PSGOH-1.2 membrane with ion 
exchange capacity (IEC) of 1.89 mmol g−1 at room temperature was 0.045 S cm−1, 
which was significantly higher than that of QA-based AEMs with similar IEC 
(IEC = 1.85 mol g−1, 0.029 S cm−1). The strong alkalinity of the guanidinium tended 
to significantly increase the numbers of dissociated hydroxide ions and absorbed 
water molecules, thus effectively improving the conductivity of the membrane 
material. In addition, the PSGOH AEMs with resonance structure also had excellent 
mechanical properties and thermal stability (the decomposition temperature was 
higher than 185 °C). The conductivity of PSGOH remained unchanged after 48 h of 
immersion in 1 M NaOH at 60 °C, indicating that these membranes were well alka-
line stable.

Later, Xu and coworkers [16] selected polyphenylene oxide (PPO) as the poly-
mer backbone, by bromomethylation with liquid bromine, and brominated 
poly(2,6-dimethyl-phenylene oxide) (BPPO) with different degrees of bromination 
was obtained, and then guanidinium-based AEM guanidinium-functionalized 
poly(2,6-dimethyl-1,4-phenylene oxide) (GPPO) was prepared by quaternization 
of pentamethylguanidine and BPPO (Figure 8.9b). This type of AEM had an excel-
lent conductivity of up to 0.071 S cm−1 at room temperature. The peak power den-
sity of the obtained membranes in the H2/O2 fuel cell was 16 mW cm−2. Again, 
using PPO as the polymer skeleton, BPPO/G was prepared by Bai’s research 
group [17] and then a 2-benzyl-1,1,3,3-tetramethylguanidine (BTMG) was synthe-
sized to react with BPPO; finally, the cross-linked benzyl guanidinium AEM 
(Figure 8.9b) was obtained by solution casting and heat treatment. Due to the pres-
ence of the cross-linked structure, the swelling rate of the membrane was less than 
15% at 60 °C, showing very good dimensional stability. In addition, the cross-linked 
guanidinium AEM also showed good alkaline stability (there was only a small loss 
of conductivity after immersing in 60 °C, 1 M NaOH/D2O solution for 2  days). 
Sherazi et al. [23] reported a radiation-induced method to graft vinyl benzyl chlo-
ride onto ultra-high molecular weight polyethylene, followed by hot pressing to 
prepare a film; finally, guanidinium-based AEMs with an all-carbon skeleton 
structure were successfully prepared by the quaternization reaction of 1,1,3,3- 
tetramethyl-2-n-butyl (TMBG) and benzyl chloride. Compared to other radiation-
grafted AEMs, the obtained guanidinium-based AEMs had higher conductivity 
under the condition of low grafting degree and low IEC. In addition, the obtained 
membrane materials still had a lower swelling rate even at high temperatures, 
indicating good dimensional stability. The methanol permeability of the prepared 
membrane materials with grafting degrees of 8.5 and 12.5% was 1.5 × 10−8 and 
2.72 × 10−8 cm2 s−1, respectively, which were far lower than Nafion’s methanol per-
meability level, indicating they had good application prospects in the field of alka-
line fuel cells.

In general, the IEC is set to higher values in order to obtain sufficient ion conduc-
tion capacity, which often results in a high swelling ratio (SR), leading to low 
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dimensional stability and serious deterioration of mechanical properties. To over-
come the above shortcomings, bi-guanidinium cross-linked AEMs (PPO-BGm-n) 
were designed and prepared by Menshutkin reactions using BPPO and bi-guanidine 
as cross-linkers, and then the remaining guanidines were further quaternized via 
bromoethane (Figure  8.9b)  [22]. The prepared membranes exhibited remarkable 
dimensional stability (<15%) even at 80 °C because of the introduction of cross-
linking structures. Alkaline stability test results showed that the bi-guanidinium 
cross-linked AEMs had excellent resistance to alkaline solutions, and more than 
90% of cations could be found remaining after soaking in 1 mol L−1 NaOH solution 
at 60 °C for 30 days.

It has been reported that when the cation groups are located on the neighboring 
site of Ar―O bonds, the polymers containing aryl ether (Ar―O) such as polysul-
fone (PSU) may experience the cleavage of its Ar―O bonds via nucleophilic aro-
matic substitution (SNAr) of OH−  [24–26]. To address these issues, it is an ideal 
strategy to select a suitable spacer between the main chain and the positive ion to 
reduce the influence of the positive ion on the Ar―O bond  [14]. In 2019, our 
research group prepared the boronated PSU precursor PSU-Bpin through the 
 iridium-catalyzed boronation reaction and then performed the Suzuki–Miyaura 
coupling reaction with the pre-prepared benzylguanidinium-aryl iodide monomer. 
Two novel side-chain-type guanidinium functionalized AEMs were successfully 
prepared (Figure 8.10). The two-step highly active transition-metal catalyzed reac-
tion avoided the use of toxic methyl chloromethyl ether and ensured an efficient 
progress of the grafting reaction. Alkaline stability test results revealed that PSU-
P-PG with a large steric hindrance exhibited excellent resistance to alkaline solu-
tions. Practically no degradation of ionic groups or hydroxide conductivity was 
observed after immersing in 1 mol L−1 NaOH at 60 °C for 30 days. At the same time, 
no breakage of the aromatic ether bond was observed, indicating that the phenyl 
group between the main chain and the cation acted as a spacer group to reduce the 
influence of guanidinium on the main chain.

8.4.2  Alkyl-guanidinium AEMs

Our research group [18] prepared a side-chain-type hexaalkyl guanidinium-based 
poly(aryl ether sulfone) ionomer. The specific experimental process was listed as 
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follows (Figure 8.11a): a phenolphthalein-type poly(ether sulfone) (PES) containing 
secondary amine was prepared through a typical nucleophilic substitution polycon-
densation reaction and the reaction of the Vilsmeier salt and the amine group on the 
polymer side chain. Due to the high conversion rate of the grafting reaction, a high 
yield of side-chain type alkyl-guanidinium-based AEM PES-GOH was obtained. 
Experimental studies showed that compared with traditional QA salt-based AEMs, 
PES-GOH had excellent conductivity (the conductivity of PES-GOH with an IEC of 
1.39 mmol g−1 at 60 °C reached 0.042 S cm−1), and because hexaalkyl guanidinium 
had a larger space volume and hydrophilicity, a good phase separation structure 
could be observed through transmission electron microscopy (TEM).

Qu et  al.  [19] prepared a biguanidinium-bridged polyhemisesquioxane 
 guanidinium-based composite membrane material BG-BPS/PTFE (polytetrafluoro-
ethylene) through an in situ sol–gel reaction (Figure 8.11b). It showed that a three- 
dimensional network structure formed by the hydrolysis and condensation of 
sesquisiloxane could effectively inhibit excessive swelling of the membrane mate-
rial. At the same time, BG-BPS/PTFE had high conductivity and excellent alkaline 
stability. The conductivity remained constant after 120 h of soaking in a 3 M NaOH 
solution at 40 °C. In addition, at 40 °C and a current density of 700 mA cm−2, its 
direct borohydride fuel cell (DBFC) achieved a peak power density of 321 mW cm−2. 
The cell was able to discharge continuously for 50 h at a voltage of 0.76 V and a cur-
rent density of 200 mA cm−2, showing very excellent cell performance.

In 2022, our research group  [27] reported the combination of the hydrophobic 
guanidinium salt with ether-free poly(phenyl-alkane)s backbones through a simple 
and efficient route, and a series of AEMs G-PPTPT-n:m containing novel alkyl-
guanidinium salts were successfully prepared (Figure  8.11c). The AEMs showed 
ultra-low water uptake (WU) and SR (80 °C, WU < 12%, SR < 3%), demonstrating 
that the introduction of the large steric guanidinium salt was effective in improving 
the dimensional stability of the AEMs. The ether-free polymer skeleton endowed 
these AEMs with excellent stability: even at high temperatures under a strong alka-
line environment, they could still maintain good stability (at 60 °C and in 1 M KOH 
solution, kept for 300 days). In addition, the AEMs exhibited excellent thermal sta-
bility, with the decomposition temperatures of the guanidinium group and the 
backbone being 350 and 450 °C, respectively. 

8.4.3  Aryl-guanidinium AEMs

Kim’s group [15] reported a controllable and effective fluorophenyl-amine reaction, 
through which guanidinium could be introduced into the polymer backbone: fluo-
rophenyl poly(arylene ether ketone) (PAES) activated by sulfone groups underwent 
a nucleophilic substitution reaction with tetramethylguanidine (TMG), followed by 
quaternization, and finally the arylguanidinium-type AEM M-PAES-TMG was suc-
cessfully prepared (Figure  8.12a). The conductivity of M-PAES-TMG decreased 
from 0.036 to 0.031 S cm−1 after 72 h of immersion in a 0.5 mol L−1 NaOH solution at 
80 °C. At the same time, the alkaline fuel cell showed excellent cell performance 
with M-PAES-TMG as the electrode ionomer under the conditions of Pt as the 
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catalyst and H2/O2 as the reaction raw material (the obtained peak power density at 
80 °C is 200 mW cm−2).

Later, using a similar method, a resonance stable aryl guanidinium-based perfluoro- 
ionomer was successfully prepared (Figure 8.12b) [8]. A comparative study with the 
sulfone guanidinium-based ionomer found that after soaking at 80 °C in 0.5 M 
NaOH for 24 h, the sulfone guanidinium ionomer was almost completely degraded, 
while the aryl guanidinium ionomer did not degrade after 72 h under the same con-
ditions, indicating the stability of the ionomer largely depended on the structure of 
the adjacent group connected to the cation. In addition, the alkaline fuel cell with 
the aryl guanidinium polymer as the catalytic layer ionomer had a peak power den-
sity of 466 mW cm−2 at 80 °C with H2/O2 as the gas raw material, indicating that the 
aryl guanidinium AEM had excellent cell performance. It might be due to improved 
interaction and compatibility between the electrode binder and catalyst surface.

The fluorophenyl-amine reaction showed high reactivity, which was a good 
solution to the grafting degree problem. However, both of the above preparation 
methods required the use of alkylation reagents to further QA to obtain the target 
polymer, which inevitably led to the problem of incomplete conversion. In 2017, 
novel aryl guanidinium-based AEMs (GPP-co-PAEK x) with controlled microblock 
structures were prepared by our group via a fluorophenyl-amine reaction, meth-
ylation, and nickel (0)-catalyzed coupling (Figure  8.12c). This controllable and 
efficient method overcomes the difficulties associated with the post- quaternization 
method in controlling the degree of incorporation and location of the functional 
groups, and also avoids using hygroscopic Vilsmeier salts. In addition, this method 
also omits the halomethylation process of the conventional method and provides 
copolymers with well-defined chemical structures. Under a similar IEC, the micro-
block type GPP-co-PAEK had a lower water absorption rate (less than 24% at 60 °C) 
than the reported random guanidinium AEM. The environmentally friendly and 
ionized monomer polymerization strategy avoids the use of wet-sensitive reagents, 
which not only provides good control of the IEC and the location of ionic groups 
in the copolymers but also addresses the potential problem of incomplete 
post-functionalization. 

8.4.4  Other Guanidinium-Based AEMs

Sajjada et  al.  [21] reported a main chain guanidinium polymer which was pre-
pared by the polycondensation of guanidinium hydrochloride and diamine. Then, 
the guanidinium polymer was locked into porous PTFE by adding a cross-linking 
agent. Finally, chemically stable and high-strength composite AEMs were 
obtained. This synthetic route is very simple and does not require any toxic chlo-
romethylating agent or complicated post-treatment process. Cross-linking anchors 
the guanidinium cations in the pores of PTFE. Therefore, reinforced AEMs have 
excellent mechanical properties and dimensional stability and can be processed 
into very thin films. The measured conductivity was as high as 0.0847 S cm−1 at 
20 °C, which was comparable to that of the commercial proton exchange mem-
brane Nafion. In addition, the structure of the composite guanidinium-based AEM 
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was unchanged after 50 h treatment in 5 M KOH solution at 55 °C. Compared to 
the commercialized ammonium-based A201 membrane, it showed obvious advan-
tages in stability.

Ding and coworkers  [20] reported that the properties of comb-shaped 
 guanidinium-based AEM could be tuned facilely by the spacer types and lengths. 
Due to the appropriate water absorption and the formation of connected ion trans-
port channels in the structure, the three carbon atom (3C)-linked guanidinium 
AEM showed higher conductivity than the 1C- and 9C-linked guanidinium AEM. In 
addition, the conductivity of the guanidinium AEM with two ethylene oxide seg-
ments was more prominent, which could be attributed to the strong hydrophilicity 
of the ethylene oxide segments and connected ion channels. The thermal decompo-
sition temperature of all guanidinium AEMs was as high as 200 °C, which further 
confirmed that the guanidinium AEM had excellent thermal stability. However, 
during the chemical stability test, the membrane material degraded rapidly after 
being immersed in a solution of 1 M NaOH for 72 h at 60 °C. The analysis was car-
ried out because the guanidinium substituted by hydrogen atoms was more likely to 
be attacked by hydroxide radicals, leading to the deterioration of the alkaline stabil-
ity of the membrane material.

Imidazole-guanidinium is a derivative of guanidinium. Different from the con-
ventional guanidinium, the primary amine used in the preparation process of Zhang 
and coworkers was an imidazole primary amine, and the resulting imidazole guani-
dine was used as a cross-linking molecule [28]. A two-site reaction between imida-
zole guanidine and chloromethylated PSU realizes the preparation of cross-linked 
membranes. Compared to the non-cross-linked AEM, the imidazole–guanidinium 
cross-linked membrane exhibits better alkaline resistance due to the enhanced reso-
nance effect and the construction of a cross-linked structure by imidazole guani-
dine. (After 10 days of treatment in 3 M NaOH solution, the conductivity and 
chemical structure of the membrane remained almost unchanged.) The maximum 
power density for the H2/O2 fuel cell of the prepared membrane was 39 mW cm−2 
at 50 °C.

Recently, Tang and coworkers [29] developed a novel guanidinium- functionalized 
covalent organic framework (COF) by grafting guanidinium onto the channel walls 
of COF via the Williamson reaction, followed by doping the COF into GPPO to pre-
pare composite membranes. The guanidiniums grafted into the COF nanochannels 
play the role of the “active sites” in the membranes to enhance the migration rate of 
the hydroxide ions and thus improve the conductivity. The resulting composite 
membrane with 5 wt.% guanidinium-functionalized-COF doping has a hydroxide 
conductivity of up to 89.93 mS cm−1 at 80 °C under hydrated conditions, 61% higher 
than that of the pristine GPPO membrane. At the same time, the single-cell perfor-
mance of the composite membrane reaches a maximum power density of 
111.3 mW cm−1 at 60 °C and 100% relative humidity (RH).

Compared to QA-based AEMs, the study for guanidinium-based AEMs is rela-
tively late. This can be attributed to the following reasons: on the one hand, there 
are still very few types of guanidinium cations and their derivative-based AEMs due 
to the limitations of the synthesis methods. On the other hand, the application of 
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guanidinium cations is not very in-depth, especially in the field of the fuel cells, due 
to the lack of systematic studies on the structure–activity relationship between the 
chemical structure and the stability of guanidinium cations. So far, only a few 
research groups use guanidinium-based AEMs as membrane materials and catalytic 
layer ionomer (or binder) to prepare the membrane electrode assembly (MEA), and 
further studied their applications in the H2/O2 fuel cell and DBFC. The conductivity, 
alkaline stability, and fuel cell efficiency of some guanidinium functionalized AEMs 
with other cation-based AEMs such as imidazolium, phosphonium, and QA are sum-
marized in Table 8.1. Compared to other functional group-based AEMs, especially  
the QA-type AEMs, the values of the maximum power density of the guanidinium 
functionalized AEMs are lower. As is well-known, enhancing conductivity is an 

Table 8.1  Comparison of conductivity, alkaline stability, and fuel cell efficiency of 
guanidinium functionalized AEMs with other cation-based AEMs.

Membrane Ionic group

Conductivity 
@ 80 °C 
(mS cm−1) Alkaline stability

Maximum 
power density References

GPPO-
0.54

Benzyl-
guanidinium

71 Conductivity 
remained 
unchanged in 1 M 
KOH solution at 
25 °C for 192 h

16 mW cm−1 at 
50 °C

[16]

M-Nafion-
FA-TMG

Aryl-
guanidinium

20 Structure 
remained 
unchanged in 
0.5 M NaOH 
solution at 80 °C 
for 72 h

— [8]

IL-COF/
GPPO-5

Alkyl-
guanidinium

89.93 90.31% 
conductivity 
remained in 2 M 
NaOH solution at 
60 °C for 336 h

111.3 mW cm−1 
at 60 °C

[29]

P-MeIM-
tPb11

Imidazolium 83 Conductivity 
remained 
unchanged in 5 M 
NaOH solution at 
80 °C for 1500 h

270 mW cm−1 
at 80 °C

[30]

QPPEEK-
PEG 20

Phosphonium 102.13 85% conductivity 
remained in 1 M 
KOH solution at 
80 °C for 400 h

154 mW cm−1 
at 60 °C

[31]

PAP-TP-85 Quaternary 
ammonium

~160 97% IEC 
remained in 1 M 
KOH solution at 
80 °C for 2000 h

920 mW cm−1 
at 95 °C

[32]
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effective way to improve the performance of fuel cells, so further efforts are required 
to optimize membrane chemical structure (or nanostructure) to improve its com-
prehensive performance.

8.5   Prospect

As a kind of resonance delocalized organic cation, guanidinium has great applica-
tion potential in the field of the alkaline fuel cell polymer electrolyte (membranes 
and ionomers) because of its excellent thermal and chemical stability. Some of the 
guanidinium-based AEMs reported so far have made certain progress. For exam-
ple, some guanidinium-based AEMs have excellent conductivity, and some show 
acceptable cell performance in alkaline fuel cell applications. Due to the limited 
types of guanidinium studied at this stage, researchers still lack a clear understanding 
of the specific degradation process of guanidinium and the relationship between 
structure and stability, but the feasibility of using guanidinium as an ionic group is 
still a subject worth exploring. Therefore, in the future, it is necessary to explore 
more substituted forms of guanidinium, combining experiments and theoretical 
calculations, and to systematically evaluate the influence of electronic effects, 
steric effects, molecular configurations, and other factors on its alkaline stability, as 
well as to clarify the degradation mechanism of guanidinium. This is crucial for the 
design of future guanidinium-based AEMs with excellent alkaline stability. In 
addition to the influence of the guanidinium group, the polymer backbone struc-
ture also plays a key role in the performance of guanidinium AEMs. Therefore, 
polymer backbones of different structures will be selected to prepare guanidinium-
type AEMs with various structures (all-carbon or ether-free, etc.) to obtain excel-
lent performance.
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9

Anion Exchange Membranes Based on Imidazolium 
and Triazolium Cations

9.1  Introduction

Fuel cells are the most promising environmentally friendly power sources that can 
potentially replace the existing traditional fossil fuels. Owing to the upsurge in 
energy demand and mass consumption, the need for clean and efficient energy 
increases, and significant research efforts are being carried out internationally 
toward the development of high-performance fuel cells [1, 2]. In particular, polymer 
electrolyte membrane fuel cells, owing to their high power density and energy con-
version efficiencies, as well as their low pollutant formation and working tempera-
ture, have attracted much research interest. As one of the core components, the ion 
exchange polymer electrolyte membrane has a significant influence on cell perfor-
mance and is nowadays a hot research topic [3–5]. Nafion, a perfluorosulfonic acid 
membrane, is regularly used as a commercially available membrane in proton 
exchange membrane fuel cells (PEMFCs) due to various inherent advantages such 
as high conductivity, excellent mechanical, thermal, and chemical stability. [4, 6, 7]. 
However, the high cost and non-eco-friendly nature associated with the fluoropoly-
mer, the use of expensive platinum catalysts and its carbon monoxide poisoning at 
low temperatures, slow redox kinetics, the limited working life of proton exchange 
membranes, high fuel permeability, and complex water management limit the com-
mercialization of PEMFCs [1, 8–10]. Therefore, anion exchange membrane (AEM) 
fuel cells comprising the advantages of both an alkaline fuel cell and a solid polymer 
electrolyte membrane have recently been favored over PEMFCs.

Anion exchange membrane fuel cells (AEMFCs) have a great advantage in terms 
of system cost owing to their enhanced redox kinetics and the use of cheaper 
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non-noble metal catalysts compared to PEMFCs. Membrane electrode assembly 
(MEA), gas diffusion layers, flow field plates, and current collectors are the general 
components of a typical AEMFC. MEA, composed of AEMs as well as catalyst-
loaded electrodes, acts as the power generation device for the hydrogen oxidation 
reaction (HOR) and oxygen reduction reaction (ORR). As the key component of 
AEMFC, AEMs play an important role as fuel/oxidant separators, hydroxide ion 
transporting medium from cathode to anode, as well as an electronic insulator [11]. 
The durability and power density of MEAs are primarily determined by the nature 
of the AEM. An ideal AEM must have high hydroxide ion conductivity, excellent 
thermal, dimensional, and mechanical stability, and high alkali resistance. The 
main challenging issue in the commercialization of AEMFC is associated with the 
trade-off between conductivity and dimensional stability of AEM. The conductivity 
and chemical stability of AEMs mainly depend on the polymer backbone, cationic 
groups, and interactions among polymer chains. The polymer chain with unstable 
sites and cationic groups is prone to degradation by hydroxide ions due to its high 
nucleophilicity and basicity. To circumvent these drawbacks, many research efforts 
have been invested in the modification of polymer architecture as well as the  
chemical structure of the cationic group . Quaternary ammonium (QA), the most 
commonly used cation is unstable and liable to strong nucleophilic attack/Hoffmann 
elimination by hydroxyl ions, especially at high pH conditions and elevated  
temperatures [12, 13]. Therefore, AEMs based on other cationic functional groups 
such as guanidinium [14–18], imidazolium (IM) [3, 19–21], pyridinium [22–25], ter-
tiary sulfonium [25, 26], spirocyclic QA [27–29], and phosphonium [30, 31] have 
been proposed over the past few decades to replace QA cations to achieve enhanced 
stability toward strong bases and high ion conductivity. Among them, the IM-based 
AEMs are progressively attracting much attention next to the QA-ion-based AEMs. 
In addition, triazolium cation-based AEMs, owing to their balance between stability 
and conductivity also have great potential to be used as a promising polymer electrolyte 
membrane for AEMFCs but only a few studies have been conducted so far [32–34]. 
It is clear from Figure  9.1, which shows the number of publications categorized 
based on the cation group over the last nine years that, the trend to use triazole  
cations has increased over the last five years. In this book chapter, we will discuss 
the molecular design, synthesis strategies, and performance of AEMs based on IM 
and triazolium cations from 2013 to 2023. This chapter also summarizes various 
strategies implemented to improve the alkaline stability of AEMs based on IM and 
triazolium species.

9.2  AEMs Based on Imidazolium Cations

Cations based on derivatives containing π-conjugated systems have attracted much 
interest due to the delocalization of the positive charge, which diminishes their 
electrophilicity and makes them less susceptible to nucleophilic attack. The presence  
of electron-delocalized π-conjugated structure and steric hindrance makes IM-based 
cations relatively stable and has been studied recently by several research groups. 
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However, nucleophilic attack of hydroxide ions on the imidazole rings and mem-
brane degradation at high pH and temperature conditions were also observed, and 
alkaline stability remains an open topic. The main degradation pathways are illus-
trated in Figure 9.2 [35]. To solve this issue and improve the alkaline stability of IM 
cations, various approaches, such as functionalization of various substitutes, use of 
ionic liquids (ILs), and incorporation of side chains, have been adopted. Incorporation 
of side chain could promote cations’ motion and thereby the formation of  
hydrophobic/hydrophilic phase separation in membranes, which is more conducive 
to anion conduction. The incorporation of multiple cations in each side chain could 
also enhance the alkaline stability and conductivity of AEMs. Control of membrane 
morphologies via the positioning of IM groups such as clustered, side-chain type, 
graft/comb-shaped, block, and copolymer architectures to improve AEM perfor-
mances is also discussed in this chapter.

9.2.1 AEMs Based on Imidazolium-type Ionic Liquids

Active research on IM -based AEMs started in the year 2010 [10, 36–39]. The appli-
cation of ILs as electrolyte material in membranes has received significant interest 
owing to their unique properties. IL is an organic salt that dissolves at or below 
room temperature and has many advantages, such as low melting point, low volatil-
ity, high ionic conductivity, wide electrochemical window, and excellent thermal 
and chemical stability. ILs also have the ideal property of good cosolvent miscibility. 
Aiming to explore stable and highly conductive AEMs, IM-type ILs have been used 
in various studies. Zhu et al. have developed a blend membrane of polyvinyl alcohol 
(PVA) and 1-ethyl-3-methylimidazolium hydroxide ([Bmim][OH]) (Figure  9.3a). 
An increase in ionic conductivity was noticed with the increase in IM-based IL content, 
and a maximum value of 1.96 × 10−2 S cm−1 was observed at [Bmim] OH to PVA  
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ratio of 2. However, the alkaline stability of the membranes was not revealed in 
their report [38]. Recently, Wang et al. conducted studies on the synthesis of geminal- 
IM-type ionic liquids ([DimL][OH] ILs) and their application to the production of 
AEMs. Due to their dual-core structure, geminal-imidazolium-type IL is more 
mechanically and chemically stable than single-core ILs. Furthermore, the reso-
nance effect of the π-conjugated structure of the five-membered heterocyclic  
ring in IM together with the presence of steric hindrance could minimize its interac-
tion with hydroxides and contribute to alkaline stability. AEM developed using 
pyridine-functionalized PVA doped with genomic-IM-type IL followed by cross-
linking using glutaraldehyde (GA) (PVA-FP/[DimL][OH]) (Figure 9.3b) attained an 
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OH− conductivity of 5.8 × 10−2 S cm−1 at 70 °C. In addition, the reduction rate of the 
ionic conductivity was only 4.6% after 240 h of exposure to a 1 M KOH solution [39].

IM derivatives with various substitutes can be easily attained due to the unique 
chemical structure and excellent design possibilities of the imidazole ring. 
N-substitutes can easily be obtained by nucleophilic substitution reaction between 
the lone pair electron located at nitrogen atom with halogenoalkane, but the synthe-
sis of C-substituted functional group is more complex and difficult than the former 
one. Si et al. have focused on the C2 and N3 substitutions of IM cations to analyze 
the stability of AEMs. The highly stable C2-(methyl) and N3-(butyl) substituted IM 
cation grafted onto poly(arylene ether sulfone) (PAES) possessed a high ionic con-
ductivity of more than 0.01 S cm−1 at room temperature and alkaline stability of 
about 480 h in a 1 M KOH solution at 60 °C that confirmed the research feasibility of 
IM-based AEMs [36]. Qiu et al. developed an IM-based copolymer AEM through in 
situ cross-linking of styrene, acrylonitrile, and 1-methyl-3-(4-vinyl benzyl) imidazo-
lium chloride ([MVBIm][Cl]) (Figure 9.3c) and compared with the QA-based AEM 
prepared in the same way using N,N,N-trimethyl-1-(4-vinyl phenyl) methanaminium 
chloride ([TMVPMA][Cl]). Alkaline IM-type IL-functionalized AEM exhibited 
excellent alkaline stability up to 1000 h in 1 M KOH at 60 °C without obvious loss in 
ionic conductivity, whereas QA-based AEM degraded at high pH conditions due to 

PVA =

OH

CH2 CH2CH

CH

C12H25
C12H25 C12H25

O O

N

R

C

N
N

DVB

[MVBIm][Cl](c)

(b)

(a)

[PMVBIm][Cl] [PMVBIm][Cl]

(PVA-FP/[DimL][OH])

Photo-crosslinking 1 M KOH

+

Cl–
N

N

x y z

N

x y z

N+

Cl–

N

OH–

+ +

A
–

A
–

+

NN
+

N N

O O

O O

CH

R´

CH

CH2 CH2CH CH

CH2 CH2CH CHCH CHCH2 CH2

O O
CH4

+ C12H25

NN

R

+
N N

N

4

+

+

CH

H2O

N N
+[Bmim]OH =

OH OH
n

N +
++N

–
OH

Figure 9.3 Schematic representation of AEMs based on IM-type ionic liquids: (a) PVA/
[Bmim][OH], (b) PVA-FP/[DimL][OH], and (c) [PMVBIm][OH] membranes [38–40]. Source: 
Reproduced with permission from Elsevier.



9  Anion Exchange Membranes Based on Imidazolium and Triazolium Cations194

nucleophilic substitution on QA cations. The resonance effect of the conjugated IM 
rings facilitated a reduction in the positive charge density of cation that weakened 
the hydroxide-ion interaction in the membrane [40].

As there is no driving force for ion aggregation or phase separation in postfunc-
tionalization, i.e. ionic functionality introduced after membrane casting, the forma-
tion of ion-conducting channels is difficult. In contrast, poly(ionic liquids), also 
called polymerized ionic liquids (PILs) generally synthesized via direct radical 
polymerization of IL monomers and/or post-polymerization modification, typically 
through quaternization of alkyl halide polymers with imidazole acted as a new solution 
to enhance ion conduction. Ionic polymer membranes prepared by casting a  
mixture of bromomethylated poly(2,6-dimethyl-1,4-phenylene oxide) (BPPO) and 
1-methylimidazole displayed a nanophase-separated morphology and enhanced 
short-term thermal and chemical stability than classical QA-type AEMs  [37]. 
Polymerizable ILs have the advantages of –C=C– sites for free radical copolymeriza-
tion as well as the cationic group for ionic conduction. AEMs based on 1-vinyl-
3-methylimidazolium iodide and 1-vinyl-3-butyl imidazolium bromide synthesized 
by copolymerization showed an ion conductivity of 0.0226 S cm−1 at 30 °C and excel-
lent thermostability as well as chemical stability for 120 h at 60 °C in 10 M NaOH 
solution. H2/O2 fuel cell fabricated using this membrane displayed a peak power 
density of 116 mW cm−2 at a current density of 220 mA cm−2 at 60 °C [2]. AEM with 
IM salt functional group prepared by copolymerization of 1-allyl-3- 
methylimidazolium chloride (AmimCl) ILs with alkyl acrylates via free radical 
polymerization has superior thermal and chemical stability (6 M NaOH solution at 
80 °C for 120 h) than alkyl QA-functionalized polymer membranes [12]. 

9.2.2 Imidazole Containing Polymers and Composites

The structure and morphology of the polymer, as well as the type, degree, and posi-
tion of the cationic species, have a significant impact on the AEM properties. Direct 
introduction of hydroxide conducting IM groups onto various high-performance 
polymers such as polysulfone, poly(ether ether ketone), polyether sulfone (PES) 
cardo, cardo polyether ketone, and poly (phthalazinone) has been successfully uti-
lized for AEM materials by many researchers. Table 9.1 shows the performances of 
various AEMs incorporating IM groups into several polymer backbones. Among 
them, polysulfone and PES are the polymer backbones most frequently used as AEM 
because of their high thermal stability, excellent chemical resistance as well as mechan-
ical properties [41, 42]. Rao et al. synthesized a multi-block PES functionalized with 
ethyl imidazolium by nucleophilic aromatic substitution from F-terminal oligomers 
and OH-terminal oligomers followed by bromination and ethyl imidazolium incorpo-
ration at the benzyl position. The developed membrane exhibited excellent ion con-
ductivity by forming well-defined phase-separated morphology. In addition, the 
fluorenylidene biphenylene moiety has also been introduced in the membranes to 
increase their mechanical as well as hydrolytic stability [43]. 1-Methyl imidazolium 
functionalization on poly(arylene ether ketone)s and poly(arylene ether ketone sul-
fone)s containing fluorine group displayed a maximum hydroxide ion conductivity 
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of 38.6 × 10−3 S cm−1 at 80 °C and a broad basic operation window at room tempera-
ture from 1 M to 5 M NaOH for 24 h [8]. Quaternization of bromomethylated fluori-
nated poly(aryl ether oxadiazole)s with N-methyl imidazole as an aminating reagent 
also demonstrated a better performance than the corresponding QA-based AEMs [10].

It is well known that polyvinylimidazolium cations of grafted polymers are prone 
to degradation via β-elimination because of the presence of very acidic protons at 
β-carbons from two IM nitrogen atoms in adjacent vinyl imidazolium units and 
hydrolytic ring opening reactions. Nucleophilic substitution at the C2 atom position 
on the imidazolium ring is the other dominant degradation pathway in the presence 
of hydroxide ions. Various approaches to prevent these types of degradation routes 
have been published. For instance, Yoshimura et al. have introduced a new graft type 
of AEM composed of poly(dimethyl-vinyl imidazole-co-styrene) copolymer chain 
grafted onto ETFE films via radiation-induced grafting. Copolymers of IM and styrene 
units acted as the spacer and reduced the sequence of adjacent vinyl imidazolium 
units, effectively leading to a significant improvement in stability. Well-connected 
ionic channels are also confirmed using small-angle X-ray scattering (SAXS) [3].

Both substituents, as well as substitution positions, have a significant effect on  
the alkaline stability of the AEMs. The performance of AEMs comprised of IM cations 
with different substitution positions was compared by Si et  al. (Figure  9.4). IM  
cations with butyl substituents at N1, C2, and N3 positions, 1-butyl-2,3-dimethyl imida-
zolium ([N1-BDMIm]+), 2-butyl-1,3-dimethyl imidazolium ([C2-BDMIm]+), and 
3-butyl-1,2-dimethyl imidazolium ([N3-BDMIm]+), respectively, were used to synthesize 
AEMs in their study. The 1H NMR results of the membranes after exposure to 4 M KOH 
solution at 80 °C for various intervals showed that the alkaline stability of IM cations with 
strong electron-donating groups (butyl) at the N1 and N3 positions is better than that at 
the C2 position. Furthermore, the studies on the effect of different C2 substitutions on the 
chemical stability of IM cations (1-butyl-2,3- dimethylimidazoliumbromide ([N1-BDMIm]
[Br]), 2-ethyl-1-butyl-3-methylimidazolium bromide ([C2-EBMIm][Br]), 2,1-dibutyl-
3-methylimidazolium bromide ([C2-BBMIm][Br], and 2-hydroxymethyl-1-butyl-3- 
methylimidazolium bromide ([C2-HMBMIm][Br])) and their corresponding AEMs also 
revealed that [C2-BBMIm]+-based membrane possessed higher chemical stability than 
the others [51]. Several researchers have explored the effect of C2 substitution on the alka-
line stability of AEMs. Poly(arylene-imidazoliums) synthesized by microwave polycon-
densation of dialdehyde with bibenzyl and alkylation, sterically protected around C2 
position is stable in 10 M KOH solution at 100 °C and attained a peak power density of 
818 mW cm−2 at 80 °C [44]. The effect of C2 substituted (with methyl, isopropyl, or 
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phenyl group) IM salts on alkaline stability of polymer membrane investigated by 1H 
and 13C NMR spectroscopy suggested that the C2 substitution, owing to the steric 
hindrance and the σ–π hyper conjugative effect between C―H (σ-bond) of methyl 
group and π-conjugated imidazole ring could enhance the stability and the order of 
stability of substituent was found to be methyl > isopropyl > phenyl group  [52]. 
Andrew et al. synthesized a novel alkaline membrane by introducing steric hindrance 
around the C2-position using methylation of poly[2,2′-(2,2″,4,4″,6,6″-hexamethyl-p-
terphenyl-3,3″-diyl)-5,5′-bibenzimidazole] (HMT-PMBI). MEA was prepared by 
applying catalyst ink on both sides of the membrane after fixing to a vacuum table at 
120 °C using an ultra-sonicating spray coater to create 5 cm2 active area with  
a catalyst loading of 0.4/0.4 mg Pt cm−2. The catalyst ink contained 1 wt% carbon- 
supported Pt catalyst (46.4 wt% Pt supported on graphitized C) in 3  :  1 (wt/wt)  
methanol/water ratio. The membrane exhibited a high power density of around 
70 mW cm−2 for fuel cell after an initial operation of 119 h at 60 °C. No apparent chem-
ical degradation after being subjected to 6 M NaOH at room temperature for seven 
days represented the exceptional ex situ stability of the membranes [53]. Yang et al. 
evaluated the impact of C2 and N3 substitution with different substituent groups 
(1-methylimidazole, 1-phenyl imidazole, 1,2-dimethylimidazole, 1-butyl-2-methyl-
imidazole, 1-decyl-2-methylimidazole, 1-benzyl-2-methyl-imidazole) on the various 
properties of poly(2,6-dimethyl-1,4-phenylene oxide) membranes. They observed 
improved stability (1 M KOH at 60 °C for 180 h) and a maximum conductivity of 
42.5 × 10−3 S cm−1 at 80 °C for membranes based on C2-methyl as well as N3-butyl sub-
stituted IM pendants  [54]. The effect of C2,4,5 substituents (including hydrogen, 
methyl, and phenyl groups) on chemical stability of polyimidazolium/ 
PVA-based AEMs suggested the highest stability for 1,3-dihexyl-4,5-dimethyl-2- 
phenyl-imidazolium cation than 1,3-dihexyl-imidazolium, 1,3-dihexyl-2-methyl- 
imidazolium, 1,3-dihexyl-2,4,5-trimethyl-imidazolium, and 1,3-dihexyl-2,4,5-triphenyl-
imidazolium cations  [55]. To understand the influences of C4/C5-position  
substitutes on the alkaline stability of IM cations, Xiaofeng et  al. embedded  
methylimidazolium (MeIM) monomer to prepare ether-free branched poly 
(methyl-imidazolium triphenylbenzene) (P-MeIM-tPb) by superacid-catalytic 
method. Excellent ion exchange capacity with tensile properties and dimensional sta-
bility against swelling were exhibited by the synthesized AEMs. The conductivity was 
preserved by 96% after soaking for 1000 h in 5 NaOH at 80 °C. Alkaline-resisted mem-
brane with branched structure expanded the operating temperature range of fuel cell 
to 90 °C and maintained long-term durability  [56]. In a recent report from Hugar 
et al., the effect of various substituents at different locations of IM on the performance 
of AEMs was studied. They reported slightly higher stability for IM with C4,5 methyl 
groups than the stability relative to phenyl groups. It was inferred that the substitution 
at C2 position and 2,6-dimethyl phenyl substituents are more effective, and the use of 
alkyl substituents on the nitrogen, especially n-butyl groups, could prevent the degra-
dation better than benzyl or methyl groups. More than 99% of cations that remain 
after 30 days of exposure in 5 M KOH/CD3OH at 80 °C displayed the highest stability 
reported to that date of their AEMs [35].
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Focusing on several challenges associated with incomplete postfunctionalization, 
especially when grafting large sterically hindered IM onto polymer precursors, 
Boxin et al. developed a novel super-acid-catalyzed polymerization method. A novel 
IM-ionized monomer PhIM [PF6] with its N1/N3 position modified by propylbenzene 
group was copolymerized with 1,1,1-trifluoroacetone under superacid-catalyzed 
conditions to form functionalized poly(arylene-imidazolium) (poly-PhIM [OH]) 
polymers without further functionalization. Both random as well as block copoly-
mers were synthesized by using biphenyl as a comonomer and varying the feeding 
sequence. These polymer-based AEMs exhibited excellent resistance to alkaline 
solutions. No evident degradation from 1H NMR after treatment with 10 M NaOH at 
80 °C for 100 days [57].

Acid–base blending benefiting from strong electrostatic interactions can afford 
more compact polymer chain packing and thereby stability for the membranes. 
Blending basic imidazolium-functionalized poly(ether ether ketone) (ImPEEK) 
and acid-sulfonated PEEKs (SPEEK) via an in situ Menshutkin/cross-linking 
method showed an ion exchange capacity (IEC) up to 3.15 mmol g−1 and conse-
quently conductivity up to 31.59 × 10−3 S cm−1 at 30 °C [5]. Blends of bromomethyl-
ated poly(2,6-dimethyl-1,4-phenylene oxide) (PPO) and polybenzimidazole (PBI) 
with sulfonic components functionalized with 1-methylimidazole (MIm) and 
1-ethyl-2-methylimidazole (EMIm) were also reported to have good chemical 
stability [21].

Side chain-based AEMs have shown a huge potential for improving alkaline sta-
bility, as reported by Wang et al. (PAES)s containing IM groups on pendant phenyl 
rings had a long-term stability of 336 h in 4 M NaOH at 80 °C, which is higher than 
the corresponding QA-based AEMs. No apparent deterioration in IEC and conduc-
tivity values after strong base treatment was observed. These membranes also 
showed excellent dimensional stability, with a swelling ratio of only 4.4–7.9% at 
80 °C [46]. PAES with a triimidazolium cation in a pendant phenoxy phenyl spacer 
also displayed excellent dimensional stability, hydroxide conductivity, as well as 
improved alkali stability. The retention rate of IEC and conductivity were 78.5–83.3% 
and 75.5–80.6%, respectively, after being treated in strongly alkaline conditions of 
4 M NaOH at 80 °C for 336 h. The viability of phenoxy-phenyl spacer with multiple 
IM cations in this work suggests a facile route to prepare highly conductive and 
alkali-stable AEM materials [47]. Increasing the chain length of the pendant alkyl 
IM group can facilitate the hydrophilic–hydrophobic phase separation and thereby 
ionic cluster formation in membranes. Rao et al. have reported the effect of alkyl 
chain length on various properties of IM-functionalized PAES block copolymers by 
changing the chain length from C2 to C16. Long alkyl chains with C6 and greater in 
the comb-shaped system resulted in high ionic conductivity and alkaline stability 
up to 500 h in 2 M NaOH at 60 °C [19].

Increasing the concentration of basic functional groups, the general method to 
improve conductivity, also resulted in degradation of dimensional stability by excess 
swelling. Therefore, cross-linking using imidazole compounds has been used as a 
facile strategy to improve the performances of AEMs. Functionalization with 
methyl-imidazole and 1,4-bis(imidazolyl)butane acted both as cross-linkers as well 
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as conductive sites in bromomethylated PPO that resulted in high ion exchange 
capacity without compromising on mechanical robustness  [20]. 1,6-bis(2-methyl 
imidazol-1-yl)hexane and bis-imidazolium salts grafted onto PPO as a long, flexible 
cross-linker and long-chain pendant, respectively, also showed an improvement in 
stability as well as mechanical properties of the AEM. Well-developed hydrophilic/
hydrophobic phase-separated morphology formed after bis-imidazolium cross- 
linking facilitated hydroxyl ion mobility as well as conductivity to the membrane 
and showed a maximum power density of 212.45 mW cm−2 indicating their poten-
tial suitability for fuel cell applications [48]. The flexible side chains with a cross-
linked topological structure designed from norbornene copolymer backbone having 
epoxy group-functionalized side chain and IM-terminated flexible side chain 
resulted in well-defined microphase separation and a hydroxide ion conductivity of 
90 × 10−3 S cm−1 at 80 °C. It was noted that the conductivity only decreased by 25% 
after 10 days of exposure in 2 M NaOH at 60 °C and resulted in a peak power density 
of 118.4 mW cm−2 for H2/O2 single cell [58]. Cross-linked vinyl polymer-based AEM 
using 1,3-diallyl-2-methyl imidazolium bromide ([DAMIm][Br]) as cross-linker 
exhibited a hydroxide ion conductivity above 10−2 S cm−1 and chemical stability of 
in 1 M KOH at 60 °C as a result of the resonant effect of conjugated imidazole ring 
and hyper conjugative effect between C―H (σ bond) of methyl group as well as 
π-conjugated imidazole ring also suggested a feasible approach for synthesis and 
practical application of AEMs for fuel cells  [59]. Cross-linked membrane synthe-
sized by copolycondensation and IM functionalization between phenolphthalein-
based poly(arylene ether ketone) and 1-vinyl imidazole demonstrated a high ionic 
conductivity of 0.0836 S cm−1 and excellent dimensional as well as chemical stabil-
ity. After 400 h of immersion in 1 M NaOH at 40 °C, the conductivity for cross-linked 
membranes was significantly maintained (82.4%)  [60]. Generally, cross-linked 
membranes displayed a reduction in water absorption and hence conductivity due 
to their more compact polymer architecture. To study the effect of cross-linker 
structure on the performance of AEM, Firouz Tadavani and his coworkers prepared 
a series of membranes based on poly(benzimidazolium-imide) containing triazo-
lium groups using “click chemistry.” A hydrophilic aromatic diazide and a hydro-
phobic aliphatic diazide were used as cross-linkers and found better long-term 
chemical stability than the uncross-linked membranes. Furthermore, the hydro-
philic cross-linker contributed to better water uptake and conductivity, but the 
chemical stability increased in presence of hydrophobic one [61]. A base-stable and 
mechanically strong AEM was prepared by Wei et  al. by subjecting IM-fused 
cyclooctane monomer to ring-opening metathesis polymerization conditions. The 
resultant AEM showed a conductivity of 59 × 10−3 S cm−1 at 50 °C and stability in 
1 M KOH solution at 80 °C for 30 days (minor conductivity drop, <3 × 10−3 S cm−1) [62]. 
Tao et al. consecutively stated that, simple and easily available IM structural isomer, 
pyrazolium cation showed excellent alkaline stability in 5 M NaOH at 80 °C for at 
least 240 h, which is substantially more stable than IM. The degradation energy  
barriers calculated by density functional theory showed AEM based on (arylene alky-
lene) architecture modified with pyrazolium retained 80% of its initial conductivity 
after 1000 h of treatment in 1 M NaOH at 80 °C. Furthermore, high ion conductivity of 
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120 × 10−3 S cm−1 at 80 °C and a peak power density of 502 mW cm−2 after assembled 
into H2–O2 fuel proving its good potential in AEMFC application [63].

The effect of mono- or di-cationic functional groups on the physicochemical, elec-
trochemical, as well as alkaline stability of polyolefin-based AEMs using QA, pyr-
rolidinium, and IM cations was studied via experimental as well as theoretical 
methods. 3-Butyl-2-methyl-1-(4-vinylbenzyl) imidazolium chloride ([BMVBIm][Cl]), 
3-butyl-2-methyl-1-(6-(2-methyl-1-(4-vinylbenzyl)-imidazolium-3-yl)hexyl) imidazolium 
chloride ([BMMVBImHIm][Cl]), N,N-dimethyl-N-(4-vinylbenzyl) butylaminium 
chloride ([DMVBDA][Cl]), N-butyl-N′-(4-vinylbenzyl)-N, N, N′, N′-tetramethylhexane-1, 
6 diaminium chloride ([BVBTMHDA][Cl]), 1-butyl-1-(4-vinylbenzyl)pyrrolidinium 
chloride ([BVBPy][Cl]), 1-butyl-1-(6-(1-(4-vinylbenzyl)pyrrolidinium-1-yl)hexyl) 
pyrrolidinium chloride ([BVBPyHPy][Cl]) were grafted on to the polymer by one-
step general photo-initiated radical polymerization method. Experimental data 
revealed that, the di-cations easily form hydrated hydroxide ion cluster than mono-
cations, which promoted the water uptake, swelling ratio, and ionic conductivity 
properties of the AEMs. The more uniform electron distribution in di-cation reduced 
the probability of collision between the cation and hydroxyl ions and imparted 
excellent alkaline stability to the system  [64]. Ahmed et  al. compared ethylene–
tetrafuluoroethylene copolymers having three vinylimidazolium type (N-vinyl imi-
dazolium (NVIm), 2-methyl-NV imidazolium (2MVIm), 1,2,3-trimethyl-4-vinyl 
imidazolium (4VIm)) and a styrylimidazolium-type (2-styryl-N, N-dipropyl imida-
zolium (StIm)) hydroxyl ion conducting units with the standard vinylbenzyltri-
methylammonium (BTMA)-based AEM. Their study concluded that the sterically 
hindered imidazolium (StIm-98%) AEM exhibited a maximum power density of 
710 mW cm−2 at a current density of 1389 mA cm−2, which is one of the highest val-
ues for IM-based AEM so far. Moreover, 56% initial cell voltage with ADR of 
0.42 m Vh−1 maintained up to 670 h showed its best long-term in situ durability. FTIR 
after post durability showed stable IM group without any change, revealing the excel-
lent stability of StIm [65].

Using cargo-type molecules with a pendant functional group, such as fluorine and 
tetraphenyl phthalazine, as polymer side chains is a very promising way to develop 
ion-conducting membrane materials with excellent physical and chemical stabilities. 
A series of phenolphthalein-based cardo PES block copolymers containing pendant 
imidazolium group (PI-PESs) with hydroxide conductivity of 0.1 S cm−1 at 80 °C, 
together with good physical and chemical stability under basic conditions, are 
reported as promising AEM material for direct methanol alkaline fuel cells  [45]. 
Regional aggregation of functional groups without affecting dimensional stability 
through the surface functionalization of nanocomposites with a large number of 
functional groups is also an effective way to achieve high conductivity in the AEMs. 
Imidazolium-functionalized polysulfone/silica (Psf-/Im/SiO2-Im) and polysulfone/
ImGO (graphene oxide) composites are examples of AEMs with enhanced hydrox-
ide ion conductivity without the challenge of excessive swelling. The regional aggregation 
of functional groups in composites promoted the formation of continuous OH− ion 
transport channels [11, 66].
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The cold start failure of AEMFCs due to the AEM fracture at sub-zero tempera-
ture is a subject to be considered when vehicles are exposed to a colder climate for a 
long time. According to Ning et al., the stability and conductivity of quaternized 
poly(phenylene) oxide (QPPO) in sub-zero temperature can be improved using  
imidazolium-modified metal organic frameworks (ImMOFs). N-methylimidazole-
modified MIL-101(Cr) MOF (ImMOF)/QPPO (7% filler) composite exhibited 
hydroxide conductivities of 0.73 × 10−3 S cm−1 at −25 °C and 42.1 × 10−3 S cm−1 at 
80 °C. Furthermore, a stable hydroxide ion conductivity even after exposure in 2 M 
KOH solution at RT for 768 h and at 60 °C for 433 h was obtained. After five cycles in 
the temperature range of −25–60 °C with long-term exposure in 2 M KOH, a con-
ductivity of 0.87 × 10−3 S cm−1 at −25 °C and 14.9 × 10−3 S cm−1 at 30 °C achieved 
revealed its fine alkaline stability [67]. 

9.3  AEM Based on Triazolium Cations

Discovering new cationic groups to boost alkaline stability and conductivity led 
researchers to investigate the potential of triazolium compounds. Triazolium is a 
heterocyclic cation having a structure similar to that of IM but consisting of two 
carbon atoms and three nitrogen atoms in a five-membered ring. Depending on the 
arrangement of the three nitrogen atoms, triazoles have four isomers, which are 
conventionally divided into two structural isomers  –  1,2,3-triazoles and 1,2,4- 
triazoles  [68]. 1,2,3-Triazoles are typically synthesized by Cu(I)-catalyzed azide-
alkyne cycloaddition (CuAAC), also known as “click chemistry.” 1,2,3-Triazoles can 
either lose a proton (act as a weak acid) or accept a proton via the nitrogen lone pair 
of electrons (act as a weak Brønsted base) and promote ion transport through  
inter- and intramolecular ionic transfer. Alkylation of 1,2,3-triazoles results in 
1,2,3-triazolium cations with high thermal stability, low flammability, as well as 
tunable solubility. Triazole moieties have the advantage of facilitating the formation 
of continuous hydrogen bond networks. Triazoles represent a promising functional 
group for AEMs but have not been thoroughly studied so far [32, 49]. Based on the 
versatility of the click reaction, various 1,2,3-triazolium-based polymers have been 
prepared via direct polymerization of 1,2,3-triazolium-containing monomers or 
post quaternization of 1,2,3-triazolium units in the polymers. Moreover, a variety of 
polymers with 1,2,3-triazolium as side chains have also been developed for AEM 
applications  [32, 49, 69, 70]. Triazole-containing AEMs with “side chain-type” 
architecture prepared using PPOs by Cu-catalyzed “click chemistry” exhibited 
excellent alkaline stability and retained over 65% of hydroxide conductivity in 5 M 
or 10 M NaOH at 80 °C for 400 h. The 1,2,3-triazole helped to induce the continuous 
hydrogen bonded pathways to sustain efficient ionic conduction [50] (Table 9.1). Li 
et  al. also reported similar kind of AEMs with hydroxide ion conductivity of 
27.8–62 × 10−3 S cm−1 at 20 °C in water, which is several times greater than that of a 
typical PPO-based AEM derived from trimethylamine (5 × 10−3 S cm−1). The peak 
power density achieved for H2/O2 fuel cell at 50 °C was about 188.7 mW cm−2 [71].
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Nakabayashi et  al. proposed a reversible addition-fragmentation chain transfer 
(RAFT) polymerization method to produce pyrrolidone/1,2,4-triazolium-based 
block copolymers with phase-separated morphology and good conductivity  [33]. 
AEM based on copolymer of 1,2,3-triazolium and PPO (Figure  9.5) prepared by 
click chemistry has shown considerably better alkaline stability than that of the cor-
responding IM-based AEM in 1 M NaOH at 80 °C, but still requires further improve-
ment in long-term stability for alkaline fuel cell application. Their study on 
degradation mechanism also suggested that the alkaline stability of 1,2,3-triazolium 
cation could be improved by the introduction of substituents at the C4 and C5 posi-
tions, as well as benzylic methylene [49].

1,2,3-triazolium-based polyionic liquid (PIL) obtained by CuAAC step growth 
polymerization has been actively applied as the new ion-conductive membrane 
material in the field of fuel cells. Recently, Jang et al. introduced triazolium and QA 
cations via CuAAC click reaction into the PAES polymer backbones and used them 
as AEMs. 1,6-diiodohexane used as the cross-linking agent also helped to increase 
the number of triazolium cation and resulted in improved hydroxide ion conductiv-
ity as well as alkaline stability to the membrane owing to the dense and compact 
structure. Furthermore, the formation of additional triazolium cations from cross-
linking also led to balance the trade-off between conductivity and dimensional  
stability of AEMs [13]. 

9.4  Summary and Future Perspectives

Currently, AEMFCs have received ever-increasing attention as a clean and highly 
efficient energy converter, and the focus on exploring AEM, the key component of 
the fuel cell with high ionic conductivity and excellent alkaline stability, is a great 
challenge for the practical use and commercialization of AEMFCs. The micromor-
phology and chemical structure of polymer backbone and cations have a great 
impact on the properties of AEMs. Among the various approaches attempted in the 
past few decades, the development of AEMs based on the functional groups having 
resonance structures such as IM and triazolium has shown promising results in 
ionic conductivity as well as chemical stability. The ease of synthesis via “click 
chemistry” and the benefit of facilitating continuous hydrogen bonding networks 
formation promote ion transport through inter- and intramolecular mechanisms 
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Figure 9.5 Schematic representation of anion-conductive copolymer based on 
1,2,3-triazolium and poly(2,6-dimethyl-1,4-phenylene oxide) (PPO-TAM-x) [49].  
Source: Reproduced with permission from Elsevier.
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make triazolium cations a promising functional group for AEM, although this moi-
ety has not been studied much thoroughly so far. This chapter provides an up-to-
date summary of the latest developments on the IM, and triazolium-based AEMs. 
The electron-delocalized π-conjugated structure and steric hindrance make 
IM-based cations relatively stable, but the stability at high pH and temperature 
remains an open topic. Various polymer architectures including block, side chain 
type, graft/comb-shaped, clustered with tethered IM and triazolium cationic 
groups have been synthesized for the preparation of AEMs with increased stability 
as well as conductivity. Various substituents at different substitution locations of 
IM cations have a significant role in alkaline stability and other performance prop-
erties. The formation of hydrophilic/hydrophobic phase-separated morphology in 
AEMs has benefited the formation of ion-conducting channels as well as restricted 
dimensional swelling and improved mechanical and alkaline stability of the 
membranes.

We believe that the past investigations have laid a solid foundation for a basic 
understanding of how the various strategies affected the performances of IM and 
triazolium-based AEMs. Future research should focus on the development of highly 
alkaline-stable AEMs to improve long-term cell performance without any deteriora-
tion. The minimum commercial demand for long-term stability is more than 5000 h 
at 80 °C, which has not been realized yet. The AEMs are not the only components of 
AEMFCs that are susceptible to degradation; the catalysts and the supporting layers 
can also deteriorate. Therefore, optimization of all the components and in-depth 
studies on the properties of AEMs under practical working conditions are essential 
for the further development of high-performance AEMFCs.
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10

Radiation-Grafted and Cross-linked Polymers-Based 
Anion Exchange Membranes

10.1  Historic Overview

Radiation-induced grafting (RIG) has been used for polymer functionalization since 
the 1950s [1–3]. RIG involves modifying the polymer matrix through the addition of 
polar or non-polar monomers that covalently bind to the polymer backbone, affecting 
its physicochemical properties, Figure 10.1. The widespread use of this technique 
rests on its simplicity and the great cost-effectiveness involved. The correct choice  
of monomers with appropriate functional groups results in chemically modified 
polymers that can be used for various applications, such as biomedical products, 
hydrogels, environmentally friendly products, and the automotive industry.

Until the 1960s, RIG polymerization was adopted to improve the properties of 
polymers used in industries  [5] and to modify cellulose  [6]. In the 1970s/1980s, 
works describing polymers capable of transporting ions synthesized via RIG began 
to gain space in the literature [7, 8]. As an example, Chapiro et al. have performed 
several pioneering studies [7, 9, 10] in the production of different ionic membranes 
through RIG, mainly for application in reverse osmosis.

Despite advances in the RIG technique, radiation-grafted anion-exchange mem-
branes (RG-AEMs) only gained visibility in the 1990s. Momose et al. [11] were one 
of the first groups to present pre-irradiated grafted AEMs. The authors irradiated 
poly(ethylene-tetrafluoroethylene) (ETFE) and grafted the monomer α,β,β-
trifluorostyrene (TFS) onto the polymer film, followed by chloromethylation and 
quaternization of the grafted film. The ion-exchange capacity (IEC) of their AEMs 
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reached up to 1.22 mmol g−1. In addition, Lee et al. [12], also in the early 1990s, pre-
pared urea-permeable RG-AEMs for peritoneal dialysis.

Quaternary ammonium (QA) salts were introduced onto nonporous polyethylene 
(PE) films by grafting vinyl monomers such as glycidyl methacrylate (GMA), dieth-
ylaminoethyl methacrylate (DEAEMA), and vinyl benzyl trimethyl ammonium 
chloride (VBTAC), followed by subsequent chemical modifications, and by cograft-
ing hydroxyethyl methacrylate (HEMA). Kobayashi et  al.  [13] developed anion-
exchange PE hollow-fiber membranes for microfiltration using the RIG technique, 
having DEAEMA, vinyl pyridine (VP), and GMA as monomers. In addition to these 
applications, RG-AEMs were used for desalination by electrodialysis [14], protein 
purification [15], etc. The first reports of applications of RG-AEMs in fuel cells were 
published only in the early 2000s.

The alkaline fuel cell technology, specifically, was stagnant for about three  
decades due to operational difficulties, especially because of CO2 intolerance and 
the consequent formation of carbonates typically found in alkaline fuel cells based 
on liquid electrolytes. Also, there was a relatively greater interest in proton-exchange 
membrane fuel cells (PEMFCs) [16]. In the early 2000s, interest in alkaline fuel cells 
was restored thanks to the possibility of using solid polymeric anion-exchange 
membranes (AEMs)  [17], which would avoid the problem of carbonation during 
operation. The high cost of PEMFCs due to the need for noble metals in the elec-
trodes is another reason behind the reborn research on the alkaline medium [18]. 
Varcoe and coworkers [19, 20] were the pioneers to present works with RG-AEMs 
applied to fuel cells. The group is responsible for most of the scientific articles 
involving RG-AEMs since the early 2000s. The first studies involved poly(vinylidene 
fluoride) PVDF- and poly(tetrafluoroethylene-co-hexafluoropropylene) FEP-based 
RG-AEMs for use in direct methanol fuel cells (DMFCs) [19, 20]. Later, works using 
RG-AEMs in fuel cells fed by H2/O2 proved that this type of membrane was extremely 
promising in this application, showing a maximum power density of 130 mW cm−2 
at that time [21, 22].

Over the years, RIG techniques for the synthesis of AEMs were explored by sev-
eral other research groups and improved, enabling RG-AEMs to reach very high 
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Figure 10.1  Illustration of radiation-induced graft polymerization. Source: Fujiwara [4]/
Elsevier.
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ionic conductivities, over 200 mS cm−1 at 80 °C  [23, 24]. In parallel to AEM, the 
development of novel anion-exchange ionomers (AEIs) contributed significantly to 
boost anion-exchange membrane fuel cell (AEMFC) performances  [25, 26]. 
Nowadays, it is possible to find maximum power densities with values superior to 
2000 mW cm−2 using these devices [27, 28]. 

10.2   Sources of Radiation

The ionizing radiations used in the RIG method can be classified into three catego-
ries: charged particle radiation (electrons, positrons, and heavy ions), photon  
radiation (gamma, X-ray, and light), and neutron radiation.

The typical ionization potential for organic or polymeric materials is ~10 eV [29]. 
The equivalent photon energy in mercury vapor ultraviolet (UV) curing lamps  
(240 and 270 nm and between 350 and 380 nm wavelengths) is between 5.2 and 
3.3 eV [29]. Therefore, UV radiation is not effective in producing ionization without 
a radical initiator. In this way, light and UV radiations are limited to effects on the 
surface of materials. To be used for RIG, this type of radiation source needs expen-
sive photosensitive compounds that decompose upon exposure and thus initiate 
chemical reactions, making this source not commonly used for RIG applications. 
On the other hand, accelerated electrons and photons, such as X-rays (4.1 × 10−3 nm) 
and low-wavelength gamma-rays (1.0 × 10−3 nm), interact with matter at the atomic 
level. For example, for X-rays, the most probable photon energy is ~300 keV, which 
is far above the ionization potential of any material [30]. The choice of radiation 
source depends on the desired degree of penetration and availability. There are 
eight to nine times more commercial electron-beam (EB) accelerator units in opera-
tion worldwide than commercial gamma-ray irradiators  [29]. In the case of EB, 
there are two fundamental properties to be considered: the electron energy and the 
beam current. As electrons have mass and electrical charge, their penetration into 
materials is limited by their kinetic energy as well as the mass and density of the 
target material. The amount of exposure to electrons is called the absorbed dose. 
The measurement of absorbed dose is called “Gray” by the International System of 
Units (SI), more commonly known as kilograys (kGy), where 1 kGy  =  1 J g−1 
absorbed energy per mass. The EB energies can range from 75 keV to 10 MeV. Low 
energies, between 80 and 300 keV, have the power to penetrate up to 0.4 mm. On the 
other hand, energies ranging from 3 to 10 MeV have a penetrating power 100 times 
higher, reaching up to 40 mm in thickness [30]. Both X-rays and gamma rays (γ-rays) 
have a comparable depth of penetration, which is much greater than the highest 
energy industrial EB systems, 10 MeV [29]. Currently, the most used gamma radia-
tion source in industrial radiation processing and research facilities is cobalt-60 
(60Co). Cobalt-60 decays into a stable (non-radioactive) nickel isotope mainly emitting 
one negative beta particle (of maximum energy 0.313 MeV) with a half-life of about 
5.27 years [31]. Nickel-60 produced is in an excited state, and it immediately emits 
two photons of energy, 1.17 and 1.33 MeV, in succession to reach its stable state. 
These two gamma-ray photons are responsible for radiation processing in the  
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60Co gamma irradiators [31]. In addition to the difference in penetrating power, the 
three sources of ionizing radiation also differ in dose rate. EB sources can reach up 
to 100 kGy s−1, X-rays can reach up to 0.027 kGy s−1, and 60Co gamma sources reach 
up to 0.0028 kGy s−1 (fresh source) [29]. The increasing availability of EB accelera-
tors compared to γ-rays irradiators makes EB more accessible for large-scale AEM 
production [32].

The formation of free radicals, which will be used for grafting the monomer into 
the polymer structure, depends on the interaction of ionizing radiation with the 
material. Primary interactions include ionization, electron stabilization through the 
generation of hot electrons, ion neutralization, and free radical formation [33]. Free 
radicals are created through chain scission or by dissociation of side chains. In addi-
tion to the formation of free radicals, other reactions are involved during irradiation 
such as hydrogen abstraction, rearrangements, and formation of new bonds, in 
addition to the double bonds, chain scission, oxidation, cross-linking, and branch-
ing. All these reactions depend on the irradiation conditions and the polymer being 
irradiated. 

10.3   Types of Radiation-Induced Grafting

The preparation of functional materials and ion-exchange membranes by irradiation- 
induced graft copolymerization can be performed by grafting non-functionalized or 
functionalized monomers with functional groups that facilitate the quaternization 
process. Two methods of RIG are most employed: simultaneous (SM), also called 
direct or mutual, or pre-irradiation method (PIM), which can be performed in the 
presence of air (peroxidation), vacuum, or inert atmosphere (N2 or Ar). The atmos-
phere used during the irradiation process is related to the type of radical species that 
will be formed. Various types of high-energy radiation can be used to initiate the 
polymerization reaction, but gamma-ray sources from 60Co and EB from accelera-
tors are the most used [34].

In the SM, the base polymer is irradiated in the presence of the monomer, which 
can be in the form of vapor, liquid, or solution. In this case, active free radicals are 
formed in the base polymer and monomer. Despite being, in principle, the most 
efficient, copolymerization by SM has serious limitations due to the high level of 
homopolymer formation [34, 35].

The PIM involves a combination of two steps: (i) irradiation of the base polymer 
to form active free radicals; and (ii) grafting of the pre-irradiated polymer with the 
monomer by immersion. If irradiation occurs in air, the generated free radicals react 
with oxygen to form peroxides and hydroperoxides, which, by thermal decomposi-
tion, initiate the grafting process after being placed in contact with the monomer. 
On the other hand, if the irradiation is carried out in a vacuum or in an inert atmos-
phere, the generated free radicals remain trapped in the base polymer and will initi-
ate grafting in the presence of the monomers [34, 35].

Due to the concomitant exposure of monomers and base polymers to ionizing 
radiation in the SM, it is necessary to use lower absorbed doses than in PIM to 
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obtain a similar degree of grafting (DoG) in the polymer matrix [23]. Despite the 
high possibility of homopolymer formation [34, 36] during SM, the low absorbed 
doses employed in this methodology can result in higher integrity of the polymer 
backbone due to reduced radiation exposure. On the other hand, PIM allows bet-
ter control of the post-irradiation grafting process by varying the synthesis 
parameters.

During irradiation, the formation of free radicals in the polymeric backbone leads 
to cross-links, end-links, and disproportionation reactions [37–39], which result in 
modifications in the physicochemical properties of the base polymers [40]. The pro-
cesses occurring during irradiation depend on the type of polymer being irradiated. 
In general, the reactions have two main impacts on the polymer: mechanical  
and chemical reinforcement, and degradation; the first is normally a result of cross-
linking and the second of scission processes [41, 42]. Examples of these reactions for 
a PE film are shown in Figure 10.2 [23]. Figure 10.2 presents possible reactions hap-
pening during irradiation either by e-beam (EB, in red) in the PIM or gamma-rays 
(γ, in blue) in the SM. Reactions 1–8 happen in both PIM and SM to different extents 
for each technique. Reaction 1 shows the formation of macroradicals upon irradia-
tion, with subsequent formation of the unsaturated structure due to C―C scission. 
Reaction 2 is the abstraction of hydrogen and formation of alkyl macroradicals, with 
subsequent formation of cross-linking structure by reaction between two adjacent 
radicals (reaction 3), or formation of unsaturated structure by releasing H2 (reaction 4).  
Reaction 5 occurs only if the irradiation takes place in presence of oxygen, which 
results in the formation of peroxyl-type radicals after contact with O2. Moreover, 
reaction 5 can lead to reaction 6 with the formation of hydroperoxides, and/or to 
reaction 7 with peroxyl radicals reacting to form alkylperoxides [43], and/or to reac-
tion 8 with the formation of carbonyl group [44], which results in chain scission [37, 45]. 
Reactions 9, 10, and 11 occur only in the SM, where the solvent (S), monomer (M), 
and polymer matrix (PE) are simultaneously exposed to ionizing radiation. Reaction 
9 demonstrates the grafting of M into the polymer matrix through radical reaction, 
with a subsequent chain growing of M. Reaction 10 is related to the homopolymeri-
zation due to reaction between monomer radicals. Reaction 11 is the possible radi-
cal formation in S with subsequent transfer of radical to the polymer matrix.

Figure 10.3 shows an example of reactions occurring during irradiation of a par-
tially fluorinated polymer – ethylene tetrafluoroethylene (ETFE) [46]. Reactions 1–3 
present the C―F, C―H, and C―C bonds cleavage in the backbone, forming macro-
radicals. Reaction 4 demonstrates a macroradical reacting with atmospheric oxygen 
leading to peroxidation and the subsequent reactions, which are similar to reactions 
5, 6, and 7 observed in Figure 10.2. Reaction 7, Figure 10.3, shows the formation of 
unsaturated structure by C―C scission with subsequent dehydrofluorination, which 
characterizes degradation. Reaction 8 is the dehydrofluorination with the consecutive 
formation of cross-linking structure by reaction between two adjacent radicals [34, 42].

The extent of the reactions shown in the examples of Figures  10.2 and  10.3 
depends on the absorbed dose, dose rate, atmosphere, and temperature during irra-
diation. In the SM, there are also variables such as the type and concentration of 
monomer and reaction time. It is important to mention that the modifications on 
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Figure 10.2  Possible reactions happening during irradiation of polyethylene either by e-beam (EB, in red), pre-irradiation method, or gamma-rays  
(γ, in blue), simultaneous method. Source: Extracted with permission from [23]. Copyright holder: Elsevier.
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Figure 10.3  Possible reactions occurring during irradiation of ethylene tetrafluoroethylene (ETFE) by the pre-irradiation 
method. Source: Extracted with permission from [46]. Copyright holder: Elsevier.

Thomas350391_c10.indd   217 24-01-2024   17:07:11



10 Radiation-Grafted and Cross-linked Polymers-Based Anion Exchange Membranes218

the polymer backbone during irradiation affect directly the ion conduction in AEMs 
as well as degradation mechanisms [23, 47].

10.3.1 Absorbed Dose

The absorbed dose is directly related to the DoG and the mechanical properties of 
the AEM. The higher the absorbed dose, the more radicals will be formed in the 
polymer matrix during irradiation, which, in turn, will be available for grafting – 
regardless of the atmosphere or temperature [36]. An increase in the formation of 
free radicals is likely associated with higher DoG and IEC in AEMs. It is important 
to highlight that during the irradiation using the PIM, especially promoted by an EB 
source, high absorbed doses result in an increase of local temperature in the polymer 
film. This can raise the rate of recombination between free radicals, resulting  
in more cross-linking and/or chain scissions [48]. Too high absorbed doses can lead 
to polymer degradation and loss of mechanical properties due to excessive chain 
scissions  [49]. In SM, the increase of the absorbed dose implies longer reaction 
times and possibly more homopolymer formation.

10.3.2 Dose Rate

The dose rate is defined as the dose delivered in a specific unit of time, and it is 
related to the source of radiation. As previously mentioned, EB sources can reach up 
to 100 kGy s−1 and a fresh source of γ-rays (60Co) up to 0.0028 kGy s−1 [29]. Therefore, 
the irradiation time using a gamma source is much longer (hours or days) than 
when using a high-energy EB (minutes or seconds). That is the reason why the use 
of γ-rays is usually associated with SM and the use of an EB accelerator is more suit-
able for PIM [50]. The dose rate affects the concentration and lifetime of radicals and 
the extent of oxidative degradation  [44]. In SM, for the same absorbed dose, an 
increase in the dose rate results in lower efficiency of grafting [50]. In this case, the 
high concentration of radicals increases the recombination rate and favors rapid 
polymer termination reactions, leading to more homopolymerization and decreas-
ing the chance of reactions between backbone and monomer molecules  [34, 51]. 
Another outcome of using high dose rates in the SM is that the grafting reaction is 
not diffusion-controlled, taking place only on the surface of the polymer film [36]. 
Low dose rates, using γ-rays, can be used for PIM [39, 50], but the obtained DoG is 
usually lower than in polymer films irradiated with the same dose provided by EB. The 
concentration of radicals per period of time is low, and the long time required to reach 
a certain dose allows the available free radicals to recombine with each other in the 
backbone itself or for the polymer to undergo further oxidative degradation (if irradi-
ated in air atmosphere) [33]. Under these circumstances, the polymer will exhibit a 
reduced number of available sites for subsequent grafting, decreasing the DoG.

10.3.3  Atmosphere During Irradiation

The atmosphere during irradiation is related to the nature of free radicals being 
formed. Irradiation under oxidative atmosphere favors the formation of peroxyl 
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radicals and peroxide/hydroperoxide species [37, 42, 43]. Therefore, the free radicals 
formed on the polymer backbone are scavenged by O2, which decreases their avail-
ability for other reactions, such as cross-linking or the formation of unsaturated 
bonds. In addition, the oxygenated species can lead to oxidative chain degradation 
during the irradiation process  [45, 52]. Graft polymerization is initiated by the 
decomposition of these peroxide/hydroperoxide species, which are sensitive to tem-
perature. Despite being a very simple and convenient way of irradiation, normally 
high doses are needed to achieve sufficient available grafting sites (number of peroxide/
hydroperoxide species) to obtain a reasonable DoG [36]. The irradiation can also be 
conducted in an inert atmosphere (N2, Ar) or vacuum. In these cases, free radicals 
do not suffer inactivation by oxygen, increasing their availability for both graft-
ing [37] and cross-linking, resulting from reactions between adjacent free radicals. 
Irradiation of polymers in an inert atmosphere or vacuum can be an alternative to 
prevent oxidative chain degradation and to obtain higher DoGs [46].

10.3.4  Temperature During Irradiation

The temperature during irradiation is a very important factor to be considered, and 
it is related to the mobility of the formed radicals. At low temperatures, especially 
below 0 °C (273 K), the polymer chains have lower mobility, thus the recombination 
between free radicals is hampered [53, 54]. As a consequence, high DoGs can be 
obtained due to the stabilization of free radicals [46]. On the other hand, high tem-
peratures during irradiation can favor cross-linking and chain scission reactions, 
leading to a decrease in DoG due to the reduced availability of free radicals [42, 55].

Oshima et al. [55] have demonstrated the effects of absorbed dose and tempera-
ture on the mechanical properties of ETFE films. Figure 10.4a shows the elongation 
at break of 0.2 mm thick ETFE films after irradiation at 270 °C, room temperature 
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Figure 10.4  (a) Elongation at break of 0.2 mm thick ETFE films after irradiation at 270°C, 
RT, and −196 °C and with different absorbed doses (oxygen-free atmosphere). Source: 
Extracted with permission from [55]. Copyright holder: Elsevier. (b) EPR spectra of ETFE film 
samples (25 μm) irradiated with 100 kGy, by an EB source, in air atmosphere, at room 
(RT ~ 28 °C) and low temperatures (LT < −10 °C). Source: Extracted with permission from [46]. 
Copyright holder: Elsevier.
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(RT), and −196 °C and with different absorbed doses (oxygen-free atmosphere). 
This mechanical property of the films is less affected as the irradiation temperature 
decreases and when the film is exposed to lower doses of irradiation. Figure 10.4b 
was adapted from Biancolli et al. [46] and shows the electron paramagnetic reso-
nance (EPR) spectra of ETFE film samples (25 μm) irradiated with 100 kGy, by  
an EB source, in air atmosphere at room (RT ~ 28 °C) and low temperatures 
(LT < −10 °C). The peak-to-peak height (pph) is proportional to the number of free 
radicals in the sample, and it is higher for the film irradiated at low temperature. 
Increasing pph values indicates an increase in the formation of free radicals, which 
in turn results in higher DoGs [46].

10.4  Base Polymer

The use of a solid polymer as electrolyte in a fuel cell is a good choice because poly-
mer films can be thin, flexible, and mechanically robust. The different responses to 
radiation for the polymers are related to the chemical structures of the backbone. 
The requirements for the base polymer to become an AEM using RIG are [53, 56]:

 (i) not degrade upon irradiation and yield active sites during irradiation that can 
initiate the graft polymerization reaction;

 (ii) be hydrophobic to promote hydrophilic–hydrophobic phase separation in the 
final ion-exchange membrane;

 (iii) allow the diffusion of the grafting monomer into the polymer;
 (iv) be thermally stable and mechanically robust;
 (v) be chemically stable against the reactants used during the synthesis of the 

membrane and the high alkaline medium encountered during AEMFC operation.

AEMs are formed from a variety of base polymers, including non-fluorinated, 
partially fluorinated, or fully fluorinated polymers. Some polymeric films are par-
ticularly interesting for this type of application due to their morphological, mechanical,  
and chemical characteristics. The polymers can be divided into three categories: 
cross-linking types, degradation types, and radiation-resistant ones. All of the highly 
aromatic polymers are radiation-resistant, compared to the non-aromatic polymers, 
such as polyimides (PIs), poly(aryl ether ether ketone) (PEEK), poly(aryl ether sul-
phone) (PES), etc. The polymers of the degradation type undergo deterioration of 
their mechanical properties even at low absorbed doses. Among the fluoropolymers, 
Figure  10.5, higher hydrogen content favors cross-linking, and the trend can be 
expressed as follows [37]:

For cross-linking: PVF > PVDF > ETFE > FEP > PFA > PTFE
For degradation: PTFE > PFA ≈ FEP > ETFE > PVDF > PVF

Polystyrene (PS) is an example of a cross-linking-type polymer, despite being rela-
tively resistant to radiation due to the “protective” effect of the aromatic groups. In 
the same way, PE also mainly cross-links upon irradiation, which generally enhances 
the mechanical properties due to the high content of cross-linking [37].
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By considering the fact that highly fluorinated polymers tend to undergo degrada-
tion upon irradiation, partially fluorinated (such as ETFE) and non-fluorinated 
polymers (such as PE) have been presented as the most promising alternatives for 
application as base polymers for AEMs. In the case of ETFE, its copolymer structure 
consists of alternating components of PE and PTFE, providing unique properties 
that correspond to the physicochemical properties of both polymers (fluorocarbons 
and hydrocarbons). This type of polymer also offers excellent thermal and chemical 
stabilities and it is a promising choice for use in AEMFCs [21, 57]. In the case of PEs, 
their properties are even more attractive for this type of application [28], since they 
have high impact and traction resistances, high flexibility, good workability, and 
thermal and chemical stability. Basically, PEs of interest for use in AEM are low-
density polyethylene (LDPE), high-density polyethylene (HDPE), and ultrahigh 
molecular weight polyethylene (UHMWPE). The difference among them is associ-
ated with the molecular weight and degree of branching of the carbon chains in 
their molecular structure [58]. 

10.5  Grafting Solution

Among the parameters that affect the synthesis of RG-AEMS, those directly related 
to the radiation source, explained in Section 10.3, the nature of the base polymer, 
explained in Section 10.4, and others related to the graft mixture and its components 
have an important role in the final AEM properties. In addition, the nature of the 
monomer, concentration of monomers, addition of diluents, addition of cross-linking 
agents, reaction temperature, and reaction solvent are variables that can directly 
affect the DoG and grafting homogeneity [36]. Figure 10.6 shows common mono-
mers used for the production of AEMs via RIG.

Generally, grafting reaction occurs by the front mechanism, in which grafting 
starts on the surface of the film and proceeds toward the bulk  [59, 60]. As the 
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reaction takes place, the swelling of the film occurs by a gradient of monomer diffu-
sion. Such mechanism and the final grafting homogeneity depend on several param-
eters, such as time of the reaction, solvent, and temperature  [61]. Monomer 
concentration also significantly influences the grafting process, either in SM or 
PIM. The grafting tends to proceed smoothly if the monomer has access to the prop-
agating sites. For this reason, an increase in the monomer concentration normally 
leads to an increase of the DoG [36]. On the other hand, excessive concentration of 
monomers in SM can produce large amounts of homopolymers. As the reaction 
proceeds, the viscosity of the polymer matrix increases as a result of the amount of 
grafted monomer into its layers. Depending on the grafting solution, this increase in 
viscosity can hinder the monomer from diffusing through the membrane to react 
with the remaining free radicals [34].

In the case of AEMs prepared through SM, a more homogenous grafting is 
expected than in the ones prepared via PIM (for the same DoG) due to the low 
absorbed dose rate and consequently longer reaction time [23]. The diffusion of 
the monomer controls chain growth and chain termination in the internal struc-
tures of the polymer [58]. The solvent is another important parameter that helps 
to disrupt intermolecular cohesive forces between polymer chains, allowing mon-
omer diffusion. For example, toluene as solvent can enhance the accessibility of 
chloromethylstyrene in PE films through base polymer swelling, favoring bulk 
grafting  [36]. The use of a very polar solvent, such as water, despite enhancing  
the reaction kinetics, requires an appropriate surfactant and may favor surface 
grafting [61, 62].

The reaction temperature also has a significant influence on the DoG. The initial 
rate of grafting increases with grafting temperature, probably due to an increase in 
the monomer transport and the initiation and propagation reaction rates. However, 
after a certain reaction time at high temperatures, there is also an increase in the 
rate of termination due to higher macroradical mobility. This results in a higher rate 
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of radical combination reactions, decreasing the final graft yield [63]. Thus, each 
RIG has an optimal reaction temperature depending on the base polymer, mono-
mer, and solvent, which normally varies from 40 to 80 °C in the PIM. 

10.6   Physicochemical Properties of RG-AEMs

Despite RIG being a well-explored grafting technique, several factors related to 
the influence of radiation on the physicochemical and electrochemical properties 
of RG-AEMs are still unclear. Some important studies using RIG to produce ion-
exchange membranes, especially ETFE films, aiming at PEMFC applications can 
be found in the literature [47, 49, 64–67]. However, until recently, there were no 
works directly relating the effects of irradiation to the physicochemical and elec-
trochemical properties of the AEMs for AEMFC applications. Recent works   
[23, 46, 68] have shown that variations in irradiation parameters, such as tem-
perature, atmosphere, absorbed dose, dose rate, as well as the choice of the type 
of RIG methods – SM or PIM– affect not only the grafting step but also the micro-
structure of the AEMs. As a result, the ions and water transportation is affected, 
primarily influencing the performance and stability of membranes. A property 
normally introduced by the irradiation of polymeric films is the mechanical rein-
forcement of the polymer-matrix backbone through cross-linking. Cross-linking 
is desirable to increase the membrane’s lifetime, but it can also affect some other 
critical parameters such as AEM’s water uptake, ion conductivity, and thermal 
properties. In addition, an uncontrolled degree of cross-linking can make the 
AEM too brittle.

The type of amine used for functionalization after the grafting step also plays a 
fundamental role in the physicochemical properties of AEMs. The stability of the 
cationic groups attached to the base polymer, in highly alkaline environments, is 
extremely important for the AEM durability. Therefore, many research groups   
[18, 69–71] have focused on the search for alternative cationic groups (anion-
exchange) that are less susceptible to degradation aiming at the production of more 
stable AEMs. Several cationic groups, including phosphonium, guanidinium, imi-
dazolium, and others (Figure 10.7), have been receiving strong attention as poten-
tial substitutes for the traditional QA groups due to their improved stability under 
alkaline conditions [71–74].

For application in electrochemical devices, both the conductivity and the chemi-
cal and dimensional stabilities are considered key parameters for obtaining 
AEMFC with satisfactory performance and durability. In order to achieve high ion 
conduction, high IEC is required, which means that a large number of functional 
groups must be incorporated in the grafted polymer. On the other hand, high IECs 
can lead to an appreciable increase in the water absorption capacity (or water 
uptake) by the AEM, which can result in severe losses in dimensional/mechanical 
properties. In this context, cross-linking can be considered an effective method to 
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enhance mechanical properties, promoting more stable AEMs and, consequently, 
more durable AEMFCs [75].

10.7  Cross-linking in AEMs

As discussed in the previous sections, cross-linking processes in polymers can be 
promoted by using high-energy radiation, such as X-rays, gamma-rays, and EB 
accelerators. However, physical and chemical cross-linking can also be achieved by 
using cross-linking agents [76].

One of the strategies to maintain or enhance ionic conductivity and dimensional 
stability of AEMs is to build cross-linking structures. Cross-linking can reduce the 
swelling ratio and control the water uptake. It can also contribute to the formation 
of hydrophilic/hydrophobic phase-separation morphology and ion-conducting 
channels in AEMs. Another advantage of a cross-linked AEM is the decreased fuel 
crossover, the enhanced mechanical, thermal and chemical stabilities as well as the 
improved solvent resistance  [77]. Although, cross-linked membranes tune many 
properties in the AEM, they are likely insoluble in many types of solvents, making 
it difficult to characterize them. In addition, depending on the cross-linking chem-
istry, it can be economically unfeasible [78].

Clemens et al. [78] recently summarized the effect of cross-linking in membranes. 
The addition of cross-link agents can affect the AEM mechanical properties by  
preventing or causing rearrangement in the polymer chains. Another property 
affected by the cross-linking is the ion conductivity, which was found to be decreased 
in AEMs with similar IECs. The cross-linking reduces the hydrophilic phases, 
which, in turn, restricts ionic mobility. On the other hand, highly cross-linked 
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AEMs often show superior alkaline stability in comparison with non-cross-linked 
membranes as a result of improved water management, and reinforcement in 
mechanical and chemical properties.

Cross-linking can be classified as chemical or physical (Figure 10.8). Chemical cross-
linking involves covalent, electrovalent, or coordinate bonds. Physical cross-linking 
binds molecules reversibly through hydrogen bonds, ionic, and van der Waals inter-
actions [76, 80, 81].

10.7.1 Physical Cross-linking

Studies focusing on the physical cross-linking technique that employs physical 
interaction between molecules can be used to outline problems in the chemical 
approach, such as reduced solubility and flexibility of the polymer, which can 
cause severe damage to the mechanical properties. Thus, it is necessary to control 
cross-linking degrees aiming to avoid the packing stage and membrane embrittle-
ment [82, 83].

Physical techniques, such as the addition of ion-conducting additives, pore-filling,  
reinforcement, and block copolymer architectures have been applied to increase 
fuel cell performance [82]. For physical cross-linking, cross-linking agents, such as 
N,N′-didodecyl hexyl-bis(quaternary ammonium iodide) (DHBQA) containing both 
a long alkyl chain (C12) and a QA group have been widely employed in AEMs as 
depicted in Figure 10.9. In this case, the diammonium groups act as ion conductors, 
while the physical cross-linkers as well as the long alkyl chains bind to the alkyl 
chains of the C12-PPO-QA (poly(2,6-dimethyl-1,4-phenylene oxide) (PPO)) polymer 
through van der Waals interactions  [84]. The AEMs containing additives have 
improved water uptake when compared to non-modified AEMs, which can be 
related to the presence of the diammonium group. In addition, the use of a physical 
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cross-linking through van der Waals interactions increases by almost 1.7 times the 
maximum power density when compared to non-cross-linked AEM [84].

Cross-linked AEMs can also be produced by using the non-covalent hydrogen-
bonding approach. For that, poly(2,6-dimethylphenylene oxide) (PPO) matrix 
functionalized with an amide functional group as a hydrogen-bonding cross-
linker in the side chain of the backbone was synthesized by Wang et al. [85]. As a 
result, AEM with amide-containing side chains demonstrated an improvement in 
many properties such as ion conductivity, stretchability, flexibility, and thermal 
stability. 

10.7.2 Chemical Cross-linking

Chemical cross-linking is more widely employed than physical cross-linking due to 
the strong covalent forces among polymer chains that permanently interconnect the 
polymer backbone, which lead to enhanced ionic conductivity [86].

In general, the cross-linking method consists of the addition of cross-linkable 
molecules, followed by thermal (casting) or UV irradiation treatments, which can 
increase the complexity of reactions and reduce the stability of cationic groups. 
During membrane fabrication, cross-linking occurs simultaneously with membrane 
casting, making it difficult to produce thin and durable ion exchange membranes. In 
this context, many efforts have been employed to outline the chemical cross-linking 
problems, promoting difficult control over membrane fabrication, membrane 
embrittlement due to excessive addition of cross-linking agents, an increase in the 
manufacturing cost, and degradation of the functional groups during the cross- 
linking step [87].

10.7.2.1  Cross-linking with Diamine Agents
Covalent cross-linked AEMs are still in development, and a few studies employing cross-
linking via quaternization by diamine cross-linking agents have been reported [88–92]. 
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The cross-linking of covalent molecules is mainly produced by Friedel–Crafts elec-
trophilic substitutions and olefin metathesis techniques, direct cross-linking through 
epoxides, and thiol-ene click chemistry [93–98].

The use of mutual cross-linking and amination agents is widely reported in the 
literature. In this context, cross-linking agents such as (1,4-diazabicyclo[2.2.2]octane) 
(DABCO), diethylamine (DEA), tertiary amines (4,4′-trimethylene-bis 
(1- methylpiperidine), and 1,4-bis (2-methylimidazol-1-yl)butane) are employed the 
formation of cross-linking structure and amination concomitantly [89–91, 99]. The 
modified membrane using this cross-linking method can cause an additional steric 
hindrance for the attack of hydroxyl ions promoting reasonable stability [89]. Besides, 
N,N,N,N-tetramethyl-1,6-hexanediamine (THMDA) has been highlighted as a prom-
ising cross-linking agent providing enhanced dimensional stability and high conduc-
tivity for AEMs [100–104]. Such feature can be attributed to low swelling promoted 
by diamine characteristics while providing ion exchange function sites.

Cross-linking in perfluorinated-based AEM is a challenge due to the low reactivity 
of C―F bonds. In this context, fluorinated cross-linked AEMs using poly(aryl ether 
oxadiazole)s (FPAEO), N-methyl imidazole, and TMHDA, as a polymer matrix, qua-
ternization, and cross-linking agents, respectively, have been proposed  [100]. The 
tensile strength values for cross-linked membranes have been slightly improved 
when compared with non-cross-linked AEM. Moreover, an original chloromethylation 
of poly (ether ether ketone) (PEEK), poly (ether sulfone) (PES), and poly(phthalazinone 
ether sulfone ketone) (PPESK) by using 1,4-bis(chloromethoxy)butane (BCBM) and 
TMHDA as chloromethylation and quaternization/cross-linking agents, respec-
tively, was reported in the literature [101]. The advantages of using BCBM consist in 
its low cost and non-toxicity, while TMHDA can improve the IEC and hydroxide 
transport in comparison with conventional methods that employ trimethylamine 
(TMA) as QA.

Another strategy to produce AEMs with remarkable enhancements in dimen-
sional stability and conductivity properties involves the selective grafting of ion 
groups in phenolphthalein units, which are cross-linked with TMHDA to produce 
hydrophilic ionic regions, forming ion clusters  [102]. The water absorption is 
reduced with an increase of TMHDA amount due to cross-linking structure, which 
can restrict the mobility of polymer chains. The control of water absorption is essen-
tial to avoid problems with AEM swelling and consequent loss of mechanical stability. 
In this work, mechanical properties (tensile strength and elongation at break), ion 
conductivity, and maximum power density of cross-linked AEM showed better 
results compared to non-cross-linked samples.

A solvent-free cross-linked AEM is an interesting alternative to decrease the use 
of toxic organic solvents, extensive preparation time, difficult processes, and dis-
posal of large quantities of residue during AEM synthesis [105]. This type of AEM 
has been prepared by using cardo polyether ketone (PEK-C), benzoyl peroxide 
(BPO), a mixture of vinylbenzyl chloride (VBC) with divinylbenzene (DVB), and 
tetraethylenepentamine (TEPA), which correspond to polymer intensifier, initiator, 
monomers, and cross-linking agent, respectively. According to the authors  [105], 
the increase in the amount of cross-linking agent brings a reduction of free volume 
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in the matrix for water absorption. However, poor performance of such AEM in 
AEMFC was evidenced, making it necessary to optimize the synthesis parameters. 

10.7.2.2  Chemical Cross-linking Reaction with Other Agents
Cross-linking agents, such as carboxylic acid (carbodiimide or aziridine), acetoa-
cetyl groups, activated amines with carbonyl functions, and pH-sensitive reactants, 
have been considered as cross-linking agents for several polymer backbones [76]. 
Specifically for AEMs, other cross-linking agents, such as DVB [106], brominated 
poly(phenylene oxide) (Br-PPO) [83, 107], and polybenzimidazole (PBI) [103], have 
been widely employed.

Luo et al.  [106] produced a poly(methyl methacrylate-co-vinyl benzyl chloride) 
(PMV)-based AEM, which was cross-linked into a semi-interpenetrating network 
(s-IPN) using DVB to decrease the water absorption. In this work, the authors found 
that the membranes modified with cross-linking agents presented a slight decrease 
in ion exchange capacity, while Young’s modulus was practically unaltered in com-
parison to the unmodified membrane. In addition, swelling and water absorption 
decreased with the increase in cross-linking ratio. Satisfactory stability during 146 h 
at 70 °C was obtained in a modified membrane with 10% of DVB, while the non-
cross-linked sample could last only 62 h in the operating fuel cell, demonstrating the 
beneficial effect of the cross-linking agent on the AEM properties.

A method to synthesize AEMs associating grafted copolymers and cross-linking 
strategy was proposed by Ran et al.  [83]. In this work, the authors synthesized a 
copolymer of brominated poly(phenylene oxide) (Br-PPO) grafted with 4-vinylbenzil  
chloride (QVBC) via atom transfer radical polymerization (ATRP), followed by 
cross-linking reaction using a Br-PPO macromolecular agent. This cross-linking 
agent is extremely efficient and allows the development of ion channels derived from 
its unique structure. According to the authors, membranes without cross-linking  
agents became brittle, and the size of hydrophilic channels in the cross-linked  
AEM was smaller, suggesting a dense cross-linking network in the hydrophobic 
domains.

Recent studies have reported some alternative stable cations aiming at increasing 
the AEM stability in alkaline environment, such as guanidinium, imidazolium, and 
phosphonium, as well as metal cations, which can slow down the degradation of 
AEMs. Nowadays, cross-linked AEMs containing these cations have been reported 
in the literature [72, 88, 108–111]. For example, poly(vinylbenzyl chloride)/polyben-
zimidazole (PVBC/PBI) cross-linked membranes functionalized with 1-butyl-4-aza-
1-azaniabicyclo [2.2.2] octane bromide (BDABCO) groups were used to produce 
AEMs by Hao et al. [103]. PBI is a cross-linking agent with high alkaline resistance 
and mechanical strength, while BDABCO is used to increase the compatibility 
between polymer and QA groups. In terms of performance in AEMFC, the cross-
linked AEMs reveal appreciable performance (340 mW cm−2), and the stability data 
indicate good resistance to oxidative environments.

Polynorborene and its derivatives have received special attention as polymer back-
bones for reconciling chemical stability in alkaline environments with improved 
thermal and mechanical properties [112]. As an example, ring-opening metathesis 
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polymerization (ROMP)-type norbornene copolymer membranes using monomers 
5-norbornene-2-methylene glycidyl ether (NB-MGE) and 1-(6-(5-norbornene-
2-carboxylate)-hexyl)-3-methyl-imidazolium bromide (NB-ImBr-) were reported by 
He et al. [112]. ROMP is one of the most promising ways to synthesize norbornene 
and copolymers using a moderate temperature and normal pressure. Additionally, 
the epoxy groups are partially opened to form a rotatable ether-contained cross-
linked structure under alkaline conditions. Such AEM has shown OH- conductivity 
of 90.2 mS cm−1 at 80 °C and a maximum power density of 118.4 mW cm−2. According 
to the authors, an optimization of synthesis parameters is required to overcome the 
instability of ester linkages at high pH.

Triazolium cations are considered a promising functional group to be applied to 
cross-linked AEMs. Cross-linked poly(arylene ether sulfone) (PAES) containing QA 
and triazolium cations using “click chemistry” was reported in the literature [113]. 
Click chemistry is the name given to the synthesis of 1,2,3-triazoles via Cu(I)-
catalyzed azide–alkyne cycloaddition (CuAAC) [114]. Moreover, 1,6-diiodohexane 
(DIH) is used as a cross-linking agent during the synthesis step to produce mem-
branes with sufficient toughness and flexibility. In this case, the modified AEM pre-
sents IEC that is appreciably higher than that observed for the non-cross-linked one 
due to new triazolium cations added during the reaction. No significant variations 
in conductivity values were identified for cross-linked and non-cross-linked (PAES-
TA-OH) AEMs. On the other hand, the alkaline stability tests for both membranes 
in NaOH solution at 80 °C indicate that cross-linking leads to an improvement of 
chemical stability in severe alkaline environments.

Guanidinium cation-based AEMs have also been employed to solve the stability 
limitation of AEMs. For that, brominated poly(2,6-dimethyl-phenylene oxide) 
(BPPO) and bi-guanidine cross-linker were employed  [108]. All modified mem-
branes showed a gel fraction above 80%, which confirms that the covalently cross-
linked structure was formed. In addition, the alkaline stability of membranes was 
measured by immersion of resulting AEMs in NaOH solution and testing modifica-
tions in the conductivity values. In the first five days, a reduction in conductivity of 
modified membranes was identified due to the possible degradation of guanidinium 
groups on the surface of the sample. However, after the five days period, the degra-
dation immediately stops. The best result showed a loss of 5% of hydroxide conduc-
tivity after 30 days in the modified AEM with a higher number of ionic groups. The 
work supports the excellent chemical stability of the guanidinium cations due to the 
large steric hindrance.

Organic metal cations have been used in order to prevent degradations (Hoffmann 
elimination and nucleophilic substitution) inherent to QA groups. Then, metal- 
cation-based AEMs based on bis(terpyridine)Ru(II) complexes cross-linked with 
dicyclopentadiene (DCPD) by using ROMP of a bis-(terpyridine)ruthenium(II) 
complex-functionalized norbornene have been reported  [109]. Ruthenium com-
plex can increase the ion-exchange capacity of the membrane due to the presence 
of two cation–anion pairs. Furthermore, these modified AEMs possess high con-
ductivity and mechanical strength comparable to those of conventional QA-based 
AEMs [109].
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Cross-linked AEMs can also be synthesized with a nitrogen-free approach using 
phosphonium cations that could be used in place of traditional QA cations. Cross-
linked membrane structures formed by quaternary phosphonium-functionalized 
PEEK (QPPEEK) and poly(ethylene glycol) (PEG) cross-linking agents were 
reported by Kumari et al. [115]. The synthesis involves chloromethylation of PEEK, 
functionalization with quaternary phosphonium group, and cross-linking with 
PEG. In addition, a series of cross-linked membranes using different QPPEEK:PEG 
molar ratios were synthesized. The membrane with higher PEG content showed an 
increase in water uptake due to the enhancement in hydrophilic properties. Such a 
feature reflects in the conductivity since ion conduction is a water-dependent process. 
The modified membrane (80  :  20) has shown an increase of 10% in conductivity  
after 400 h when compared with the non-cross-linked one. The performance of the 
fuel cell with QPPEEK-PEG (80 : 20) was higher than PEEK-based AEMs reported in 
the literature. 

10.7.2.3  Other Methods of Producing Cross-linked Membranes
Another approach for producing cross-linking AEMs is the Grubbs-catalyzed olefin 
metathesis. The desired cross-linking degree can be achieved by the addition of the 
Grubbs II catalyst in different amounts. This reaction occurs at RT and does not 
necessarily require the addition of a cross-linker, since the cross-linking network is 
formed during membrane casting and drying  [116, 117]. In general, the cross-
linked membrane is prepared by solution-casting the cross-linkable quaternized  
poly(2,6-dimethyl-1,4-phenylene oxide) PPO in bromide form with Grubb’s  
second-generation catalyst via olefin metathesis reaction [118]. In this work, the alka-
line stability of the cross-linked PPO-based membranes was investigated by monitor-
ing the change in ionic conductivity as a function of time. After 960 h, almost 100% 
of ion conductivity remained. The authors associated the good alkaline stability with 
the hindered attack of hydroxide ions and the dense cross-linking network structure.

An approach called self-cross-linking, in which it is not necessary to use a cross-
linking agent or a catalyst, was proposed by Huang et al. [119]. The method involves 
ROMP of an epoxy group, followed by condensation of the hydroxyl group in the 
drying step. The main advantages result from the creation of a rigid structure, as 
commonly occurs with the conventional cross-linking reaction. In this work, both 
cross-linked rP(NB-MGE-b-NB-O-Im+Cl-)-x and non-cross-linked rPNB-O-Im-x 
membranes were compared. The cross-linked AEM showed an enhancement in ten-
sile strength, while elongation at break was above 10%. Also, the thermal property 
indicated that the modified membrane decomposes slower than the non-cross-linked 
AEM, while water uptake and swelling properties were highly reduced, demonstrat-
ing an excellent mechanical properties.

Another synthetic route to produce cross-linked AEMs is the employment of a 
multi-cationic oligomer and flexible long-chain cross-linking to increase the ionic 
group’s amount and free volume, aiming to improve the mobility of polymer 
chains [120]. Poly(1,4-diazabiciclo[2,2,2]octane (PDABCO) oligomer, multi-cationic  
oligomer modified with graphene oxide (QBGO), and cross-linked membrane 
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poly(arylene ether sulfone) (QPAE) copolymers were prepared by Lu et al.  [120]. 
The mechanical properties of cross-linked AEMs showed an increase in Young’s 
modulus and reduction of elongation at break with the increase of cross-linking 
degree. According to the authors, the addition of graphene-based inorganic materials 
(cross-linking agents) increases the mechanical strength and the interfacial  
adhesion between the polymer backbone and particles. Furthermore, flexible long-
chain cross-linkers contribute to the entanglement of polymer chains, increasing 
the stiffness property of the membrane. The use of QBGO cross-linker up to 2.0% by 
weight increases AEM water absorption, but after that, the AEM experiences a 
decrease in water uptake due to a high degree of cross-linking, which hinders the 
polymer mobility and makes the structure more rigid.

UV irradiation can also be used to produce cross-linking. The main advantages of 
this method are easier control of side reactions, faster reactions, and high control of 
membrane thickness. A comparative study involving thermal and photo-cross-linking 
using polyisoprene-ran-poly(vinylbenzyl chloride) (PI-ran-PVBCl) copolymers as 
polymer matrices was reported by Ertem et al. [87]. For photo-cross-linking, mem-
branes with different dithiol cross-linkers, such as 10-decanedithiol (DT) and 
2,2′-(ethylenedioxy)diethanethiol (EDDT), were employed. The first has an intrin-
sic hydrophobic character due to its aliphatic hydrocarbon structure, while EDDT 
presents a slight hydrophilic character offered by the oxygen atoms. Both photo-
cross-linked and thermal-cross-linked AEMs presented similar IEC, while the water 
absorption was lower for AEM produced by the photo method. These results suggest 
that cross-linking density is more controlled using the photo approach. In another 
work [121], the AEM synthesis was conducted by using photo-cross-linking method 
coupled to UV irradiation, using styrene, acrylonitrile, 1-methyl-3-(4-vinylphenyl) 
imidazolium chloride ([MVBIm][Cl]), and N,N,N-trimethyl-1-1-(4-vinylphenyl)
methanaminium chloride([TMVPMA][Cl]). The values of IEC, water (or methanol) 
uptake, and swelling ratio were slightly higher using TMVPMA due to the ease  
of the copolymerization reaction with styrene and acrylonitrile. On the other hand, 
the AEM containing the imidazolium group showed better chemical stability under 
the same experimental conditions. This result was associated with the resonance 
effect of the conjugated imidazole rings. 

10.8  Conclusions

AEMs, in general, have great potential to support the advanced development of 
electrochemical devices and solve current energy challenges. RG-AEMs can provide 
a significant reduction in manufacturing, raw material, and overall costs of fuel cells 
or other electrochemical devices compared to those currently available. Cross-
linking is one important strategy to overcome the dimensional stability and durabil-
ity problems of this type of membranes. Despite the advantages of using this 
approach for polymer modification, finding the optimal cross-linking degree in 
AEMs and issues related to the degree of complexity and process costs when using 
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cross-linking agents are still major challenges. RG-AEMs are still considered new 
materials and require considerable scientific research and development to enable 
the production of large-scale sustainable technology from them.
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11

Degradation Mechanisms of Anion Exchange 
Membranes due to Alkali Hydrolysis and Radical 
Oxidative Species

11.1  Introduction

Significant progress, innovative research, and rational insights in designing stable 
cationic head groups have placed anion exchange membranes (AEMs) at the heart 
of promising low‐cost electrochemical energy conversion and storage devices [1–3]. 
Unlike proton exchange membrane fuel cells (PEMFCs), the AEM integrated 
devices can operate using affordable and abundant transition metal‐based electro-
catalysts, making AEMs a promising constituent in economically viable fuel cell 
technology, water electrolyzers, and alkaline redox flow batteries. Moreover, AEM 
integrated electrochemical energy appliances offer dual advantages. (i) They can 
deliver power comparable to that with proton exchange membranes (PEMs) attrib-
uted to low fuel crossover, rapid O2 reduction kinetics, and higher fuel oxidation 
rates, and (ii) they can operate at higher current densities. However, the chemical 
degradation of AEM and carbonation hampers the deployment of these energy con-
version devices significantly. The former results in mechanical failure, while the 
latter affects the ion conduction in AEM [4]. In addition, the intrinsic degradation 
aspects like adsorptive fouling, morphological relaxation/interfacial delamination 
with catalyst layers, and cell efficiency issues are directly or indirectly associated to 
performance losses in the electrochemical device [2]. In AEMs, the most common 
alkaline exchanger is quaternary ammonium groups (QAGs, [P]‐N+R3) because of 
its better hydroxide (−OH) dissociation in hydrophilic phase, and hence high −OH 
conductivity ( OH

m ) and −OH exchange capacities can be achieved in comparison 



11  Degradation Mechanisms of Anion Exchange Membranes due to Alkali Hydrolysis242

to those of sulfonium ([P]‐S+R2) and phosphonium ([P]‐P+R3)-based functional 
groups. Interestingly, in stark contrast to QAGs, the docking and functional grafting 
of inorganic multivalent cationic sites are gaining sustained surveillance in AEM 
fabrication. Thus, strategic designing of polymer backbone and ion conducting 
groups becomes important to fabricate stable and efficient AEMs. In addition, 
understanding the cause of failure is even more important. The context of the chap-
ter includes the following:

 (i) Necessity to study degradation mechanism in AEMs under an alkaline and oxi-
dative environment.

 (ii) Structure and degradation mechanism of tailored hydroxide conducting groups, 
this includes various cationic head‐groups of organic, inorganic (metallo‐ 
polyelectrolytes), and hybrid origin, which shows nucleophilic substitution 
reaction (SN), β‐H elimination reaction, ylide formation, and heterocyclic cation 
ring‐opening reactions.

 (iii) Evidences of alkaline degradation and oxidative radical specie formation through 
various spectroscopic and in situ techniques.

 (iv) Recent advances in AEM designs with respect to hydrophilic/hydrophobic phase 
separation, bulky group masking type functionalization (the shielding through 
σ‐π hyperconjugation effect, rat‐trap effect, decoy effect, backbone‐spacer alkyl 
tuning, etc.), hydration environment management, the cation group effect, and 
long‐side chain puckered architectures with novel chemical designs of AEMs.

 (v) Benchmarking polymeric materials for electrochemical energy applications 
with summary on half‐life of various −OH conducting functionalities.

 (vi) Prospect and outlook on the economic commercialization of AEMs.

11.2  Necessity to Investigate the Degradation 
Mechanism in AEMs

Conscientious designing and development of the anion exchange membrane fuel 
cells (AEMFCs) has achieved the performance equivalent to the state‐of‐the‐art 
PEMFC with remarkably high hydroxide conductivity ( OH

m  ≥ 120 mS cm−1) in 
poly(olefin)‐ and poly(arylene)‐based AEMs. The AEMFC devices have sustaina-
bly been able to deliver the peak power density ≥2000 and ≥1500 mW cm−2 at 
60–80°C, respectively. Since these devices with AEM operate using affordable and 
abundant rare‐earth metal‐based electrocatalysts, the designing of such advanced 
materials can bring economic implementation for sustainable energy goals. In the 
beginning of AEMFC developments, the OH

m  trait gained significant attention. 
However, in another prospect, various reports claim that the most decisive param-
eter to the terrestrial utility lies in the durability of AEM in fuel cell devices. Due 
to this instability issue, the operational lifetime of AEMFCs is less than that of the 
PEMFC devices [2]. In brief, the low hydration state in the conducting domains  
of the AEM perturbates the activation energy (or nucleophilicity) of hydroxide ions 



11.3  tructure and Degradation Mechanism of  ailored Anion Exchange  rouus and  olymers 243

to breach cationic head groups and cause faster degradation in fuel cell devices [5,6]. 
Yet another issue that underlies performance degradation is interference from atm 
CO2. It is evident that both hydration state of AEM and the CO2 uptake dictate the 
degradation and cause severe reduction of electrochemical/−OH transport proper-
ties and increases overall cell resistance significantly. Thus, studies concerned to 
nanophase morphology of membranes, which causes pore opening and swelling 
for different CO2 regime during AEM synthesis, are desired [7,8]. Interestingly, the 
stability of functionally modified polymer backbone also plays a crucial role to 
navigate the mechanical strength of AEMs. With different chemical structures, the 
rate of alkaline hydrolysis depends on the ease of reacting with main polymer 
chains, and this in turn causes rupture of AEMs [2]. Various factors, viz. the stereo‐
electronic effects, steric/bulky group effects, and water dynamics affect the degra-
dation mechanisms in AEM  [3–5]. The “triggered polymer scissoring” is a 
conventional polymer degradation pathway  [9–11]. Other issues that affect the 
durability of AEMFC/alkaline membrane water electrolyzer (AEMWE) include 
water‐flooding management, delamination of interfaces, and enhanced carbona-
tion at elevated temperatures influencing the performance and longevity of elec-
trochemical energy devices. Evidently, the dual nature of −OH pertaining both the 
nucleophilicity and base behavior (i.e. amphiphilic) is a real challenge which offers 
a novel platform to explore, optimize, and establish the most stable chemistry 
between a free predator (−OH) and confined prey (i.e. cationic functionalities) 
which seems impossible without understanding the crux of degradation routes. 
Thus, hydroxide conductivity is now most likely not a hurdle in the success of 
AEMFC/AEMWE. It is the durability of AEM we are trying to breach for and to 
design state‐of‐the‐art electrochemical energy devices. 

11.3  Structure and Degradation Mechanism 
of Tailored Anion Exchange Groups and Polymers

The benzylic ammonium groups are studied much comprehensively in AEM syn-
thesis due to their broad working pH stability, high ion‐dissociation traits, and ease 
of modification in polymer matrix. Similarly, the benzylic phosphonium and sulfo-
nium functional group offers hydroxide conduction; however, due to low ion‐ 
dissociation affinity, high sensitivity toward alkaline pH, and severe environmental 
impact, the latter are not preferred in AEM synthesis. Depending on the type of the 
amine precursor, the ammonium groups include aliphatic, cycloaliphatic, and het-
erocyclic aromatic ammonium ion systems. Other novel groups include guanidin-
ium cation, Tröger’s base groups, metallocenium cationic groups, and crown 
ethers. Moreover, for sulfonium‐ and phosphonium‐based AEMs, the functional 
groups are generally dimethyl sulfide, trimethyl phosphine, and triphenyl phos-
phine (shown in Figure 11.1) [1,12]. However, recent advances have shown novel 
designs to screen stable aromatic and cycloaliphatic groups in phosphonium‐ and 
sulfonium‐based AEMs.
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11.3.1 Alkaline Hydrolysis of Cationic Head Groups

In AEM degradation, the bimolecular nucleophilic substitution (SN2) and E2 elimi-
nation (also, Hoffmann elimination) reactions are the most prominent reaction 
mechanisms. Moreover, the rearrangement reactions like Steven’s rearrangement 
and Sommelet–Hauser rearrangement are reported in literatures. These degrada-
tion pathways are called alkaline hydrolysis. E1 eliminations are rare occurring 
mostly with bulky cationic head groups [13]. The degradation through rearrange-
ments proceeds via N‐ylide intermediates. In addition, depending upon the struc-
tures and net electron density around these groups, the degradation rate may vary in 
alkaline conditions because hydration environment around these head groups 
influence the vulnerability for −OH attack. Also, the nucleophilicity of −OH varies 
depending upon the counterions. For instance, the potassium hydroxide (KOH) is 
more nucleophilic than sodium hydroxide (NaOH) (according to Fajan’s rule) and 
cause much faster degradation of cationic functional motifs. Other factors like oper-
ational temperature and the pressure of fuel gas affect the membrane performance 
in fuel cell devices. Studies by Marino and Kreuer confer that, with electron‐ 
withdrawing functionalities in the proximity, the SN2 rates also increase, which 
reduces the t1/2 of ion‐conducting ammonium groups. For example, the methoxy 
(–OMe)‐substituted BTMA (MBTMA) has ~4 times longer (t1/2 ~ 16.6 h) t1/2 life than 
benzyl trimethylammonium (BTMA) (t1/2 ~ 4.18 h) and ~25 times longer t1/2 than 
nitro (−NO2) substituted BTMA (NBTMA, t1/2  ~  0.66 h). Similarly, tetra methyl 
ammonium (Me4N+) has ~15 times longer (t1/2 ~ 61.9 h) life than benzyl‐substituted 
analogs (BTMA) in 6 M NaOH at 160 °C [14]. The reports by Chen et al. proposed a 
novel method to enhance the durability of AEM by incorporating a much more elec-
trophilic substituent seems appropriate strategy (Figure 11.2a,c) [15]. In this work, 
they synthesized poly(sulfone) (PSf)‐based AEM with bifunctional groups bearing 
the carbonyl group at the γ‐position can provide reversible protection to the ammo-
nium group. In addition, the H‐atoms at β‐position were replaced by bulky methyl 
groups, eliminating any possibility of Hoffmann elimination. As confirmed by den-
sity functional theory (DFT) method and van der Waals surfaces of the molecules, 
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these groups evidently perturbate the local electron density in aromatic rings 
(reduces electro‐static potential [ESP] on aromatic ring) and hence reduce alkaline 
hydrolysis via reversible tetrahedral ketal formation (Figure  11.2b). The mem-
branes also exhibit an improved hydroxide conductivity of 35.3 mS cm−1 at 20 °C 
(Figure 11.2d) and only 5% loss when kept in 1 M NaOH for 10 days. This phenom-
enon was termed as “The Rat‐trap effect.” In further studies, the effects of multi‐
cationic long‐side chain architectures and alkyl‐oxy extenders were explored and 
validated by Zhu et al. and Li et al., respectively [16,17]. The fine‐tuning between 
the spacer chain length and ionic conductivity was studied by Zhu et al. The trade‐
offs at lower spacer length and higher fixed charge densities were explained with 
the notion that such morphologies bring strong interactions, causing agglomeration 
of charge and hence lowering the water uptake. Thus, asymmetric spacer length 
with triple cation morphology (T25NC6NC5N membrane) was proposed best in 
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terms of hydroxide conductivity and ion‐exchange capacity (IEC) ( OH
m  = 99 mS cm−1 

at room temperature with an IEC value of 2.87 mmol g−1). In contrast, the 
T25NC6NC8N and T25NC6NC3N with 6, 8 and 6, 3 carbon chained spacer exhibit 
the hydroxide conductivity of 57 and 56 mS cm−1 showing an IEC of 2.76 and 
2.94 mmol g−1 under the same experimental conditions, respectively. At 80 °C, the 
T25NC6NC5N AEM exhibit the highest hydroxide conductivity of 176 mS cm−1. 
Moreover, the alkaline hydrolysis was studied for different membranes and the 
T25NC6NC5N exhibits 90% conductivity retention in 1 M NaOH at 80 °C after 500 h 
(Figure  11.3a). Li et  al. developed structurally similar yet modified morphologies 
bearing alkoxy extenders in the side chain of AEM. The mutual benefits from the 
hydrophobic alkyl chain and alkoxy extenders impart better durability in AEMs. The 
alkaline stability studies suggest more than 70% of electrochemical property reten-
tion, whereas the conventional quaternized AEMs were able to retain only 24% of 
their initial values. This strategic design of AEM to endure alkaline hydrolysis was 
termed as “the Decoy effect.” In this, the −OH ion gets confined in the densely popu-
lated alkoxy extender‐based co‐network through H‐bonding and hence reducing the 
−OH to breach the barrier to reach the ammonium group (Figure 11.4b,c).
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exchange capacity [IEC] = 1.10–1.19 mmol g−1) [16, 17]. Source: Reproduced with 
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In addition to the optimization of local electronic density, the bulky architecture 
of amines plays a significant role and dictates alkaline hydrolysis in AEMs. For 
instance, the influence on the alkaline hydrolysis of sterically crowded quaternary 
amines was explored by Mohanty and Bae using mass spectroscopy analysis and 
retention in cationic groups in model compounds. Nearly 10 different amines of 
various origin and bulk orientation around the N‐atom (Figure 11.4) were explored. 
With >95% cationic retention in bulky methyl cyclohexyl (MCH), methyl n‐propyl 
(MnPr) and long‐side chain type trimethyl hexyl amine (TMHA) at 120 °C for 700 h, 
the results strongly illustrate the influence of bulk orientation in AEMs.

In the same work, she corroborated that even with resonance stabilization in the 
heterocyclic amines, viz., imidazolium and pyridinium, the stability was diagnosed to 
be lower than that of the tri‐methyl amine derivative. However, the substitution of 
the methyl group next to cationic head of imidazolium and pyridinium might improve 
the alkaline stability through steric crowding. But, in conclusion, a note was men-
tioned for the conductivity–stability trade‐offs in bulky amine‐based anion exchange 
models [18]. Nuñez et al. comprehensively studied the influence of alkaline hydroly-
sis with N‐alkyl interstitial spacers and terminal pendent‐type ammonium functionalities 
on the percentage degradation via SN2 and E2 reactions, respectively [19] (Figure 11.5). 
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The results suggest that trialkyl ammonium with N‐alkyl interstitial spacers are more 
stable toward alkaline hydrolysis in comparison to conventional BTMA and benzyl 
dimethyl ammonium cation. Moreover, a small improvement is observed in the alka-
line durability of AEMs when the synergy of N‐alkyl interstitial spacer and N‐alkyl 
pendent‐type ammonium groups is incorporated in a single cation. These results 
strongly affirm to the observations reported by Zhu et al. [17]. Moreover, results con-
fer that at higher temperatures (~120 °C), the poly(styrene)‐based AEMs are more 
prone to degradation than poly(phenylene oxide) (PPO)‐based AEMs due to the trig-
gering of anionic‐1, 4‐induced elimination reaction.

In contrast, the report by Pan et al. examine that the length of the side chain and 
its grafting behavior in solid polyelectrolytes have some limitations. With only three 
C‐atom long chain (i.e. dimethyl propyl amine), the stability and conductivity both 
were compromised because of facile β‐H elimination. However, on extending the 
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chain to six C‐atoms, the enhancement in alkaline stability and hydroxide conduc-
tivity was more profound attributed to the increment in the affinity barrier for −OH 
after introducing long and flexible spacer groups. It is stated that such morphologies 
induce distinct hydrophobic/hydrophilic microphase separation causing higher 

OH
m  and reducing swelling behavior of AEMs [20].
Interestingly, the guanidinium cationic groups were entertained as an alternative 

amine model and studied for its influence on chemo‐mechanical stability of 
AEM. Attributed to bulky size, optimum basicity, higher achievable hydration level, 
and delocalized charge distribution around three nitrogen atoms and one carbon 
center, it gained a curious interest in AEM synthesis [21]. Moreover, some studies 
have stated that the kinetics of oxidation and oxygen reduction reactions (ORRs) 
were greatly improved by using guanidinium‐based materials. Sherazi et al. designed 
AEM using 1,1,3,3‐tetramethyl‐2‐butylguanidine and γ‐induced vinyl benzyl chlo-
ride grafted poly(ethylene). These membranes exhibit highest −OH conductivity of 
27.7 mS cm−1 at 90 °C with only 12.5% degree of grafting. The degradation mecha-
nism was visualized by Fourier transform infrared (FT‐IR) spectroscopy analysis 
showing peculiar increment in peak for the carbonyl group at 1740 cm−1 due to alka-
line hydrolysis. The degradation mechanism of the guanidinium group is shown in 
Figure 11.6 (a‐c) [22].

Xue et al. studied the substituent effect on the alkaline hydrolysis of guanidin-
ium groups. Attributed to high electron delocalization and absence of β‐H atom, 
these functionalities can impart high conductivity (due to high basicity) and can 
protect from conventional SN and E2 degradation reactions, respectively. The degra-
dation studies suggest hydrolysis of guanidinium to form small amine molecules 
and urea of high molecular weights. Moreover, the influence of the substituent 
show that the phenyl substitution offers improved susceptibility for alkaline 
hydrolysis over dodecyl‐ and hexyl‐substituted guanidinium, respectively. This 
effect can be termed as the “shielding effect”, because the bulky group shields the 
ionic group from degradation [23,24]. In his subsequent study, he designed a PPO‐
based di‐cationic cross‐linked AEM with optimized swelling attributes and high 
hydroxide conductivity. These membranes show good alkaline durability in 1 M 
NaOH for 30 days (retaining 90% of its initial electrochemical property) [24]. Liu 
et al. explored guanidinium functionalized graphene oxide (GGO) incorporation in 
hydroxyl modified poly(ether sulfone) (PESf) AEM for fuel cell applications. The 
AEM with 25 wt% GGO exhibited higher alkaline stability showing only 25% deg-
radation in 1 M NaOH at 60 °C for 120 h. As evidenced, this strategy to design GGO 
composites to hydroxyl modified PESf lacking the ammonium group in the main 
polymer chain could acquire better durability in alkaline fuel cell application [25]. 
Despite bulky scaffold and unique charge delocalization in guanidinium ion, the 
lifetime assessment studies by Marino and Kreuer summarized that the half‐life of 
the guanidinium ion was too short to measure in contrast to trimethylamine (TMA) 
groups [14]. The plausible reason to this anomaly could be the counter‐effect of 
charge delocalization at the sp2 carbon center, which makes it more susceptible to 
−OH attack via the electronic effects. However, the precise chemical modification 
of guanidinium‐based AEMs is gaining sustained surveillance to improvise 
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durability and performance for fuel cell applications. Due to high alkaline stability 
and availability of cycloaliphatic ammonium groups, various AEMs have been 
reported. Attributed to strained and chair conformation, the free attacking sites are 
vulnerable to breach. In many reports, the stability of cycloaliphatic ammonium 
groups is higher than that of tetra methyl ammonium. For example, the t1/2 of tetra 
methyl ammonium is 61.9 h at 160 °C in 6 M NaOH, while dimethyl piperidinium 
sustains for 87.3 h. Similar to those for benzyl trimethyl ammonium and benzyl 
N‐methyl piperidinium, the degradation times were 4.18 and 7.3 h, respectively. It is 
evident that cyclic amines might improve the alkaline stability of AEMs. Another 
prospect is that the ring opening of piperidinium groups in AEMs is more complex 
than that in the alkyl amines [1, 14, 26, 27]. It is likely that the conformation (geomet-
ric factor) and electronic factors dictate the alkaline hydrolysis rate in AEMs. 
Moreover, the stability of six‐membered amine (viz. N‐methyl piperidine [NMPip], 
t1/2 = 87 h) over the rigid five‐membered system (viz. N‐methyl pyrrolidine [NMPy], 
t1/2  =  37 h) can be justified on carefully evaluating the conformation of their 
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structures  [26, 27]. During the β‐H elimination, the anti‐periplanar conformation 
affords rapid eliminations over conformationally less reactive syn‐periplanar orienta-
tion (Figure 11.7b). Figure 11.7c illustrates the degradation mechanism via trigonal 
bipyramidal transition state (TBP#) in dimethyl piperidine type cations, and it prefers 
in‐plane and out‐of‐plane bond angles of 120° and 90°, respectively.

Furthermore, Dang and Jannasch diagnosed the degradation trend of AEM with 
various cyclic ammonium ions functionalized on the PPO polymer (Table 11.1). The 
methyl (–CH3) substitution at 2‐ and 6‐ positions of the N‐methyl piperidinium 
group does not possess significant alkaline durability and degrades preferably via 
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Table 11.1 The properties of AEMs with variable cycloaliphatic and hetero-cycloaliphatic 
functionalized quaternary amines with corresponding scattering vector, hydroxide 
conductivity, and mode of alkaline hydrolysis [28].

Anion exchange membrane 1qmax (nm−1) 2 OH
m  (mS cm−1) 3 Alkaline hydrolysis pathway

O O
m n

OH–

PPO1 PPO5

QA+

O O
m n

OH–
QA+

N
+

PPO5‐Pip

2.1 117 Not determined

N
+

PPO5‐Pyr

2.1 89 Not determined

N
+

PPO5‐Aze

2.2 78 Hoffmann elimination

N
O

+

PPO5‐Mor

2.1 101 Hoffmann elimination/
nucleophilic substitution

N
+

PPO5‐Qui

2.1 151 Not determined

N
+

PPO5‐4MPip

Not 
measured

94 Not determined

N
+

PPO5‐3,5DMPip

Not 
measured

52 Not determined

N
+

PPO5‐2,6DMPip

2.0 86 Hoffmann elimination

N
+

PPO5‐TMA

2.1 139 Not determined

N
+

PPO5‐DPMA

2.2 64 Not determined

N
+

PPO1‐TMA

2.1 14 Highly degraded

N
+

PPO1‐Pip

2.0 11 Highly degraded

Conditions: 1 – measured using SAXS profiling on dehydrated AEM; 2 – fully hydrated state at 
80 °C; and 3 – in 1 M NaOH at 90 °C for 384 h (by 1H‐NMR analysis).Source: Dang and 
Jannasch [28]. Reproduced with permissions of Royal Society of Chemistry.
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the elimination route. On substituting –CH3 at 3‐, 5‐, and 4‐positions, the AEMs 
exhibit higher alkaline durability and do not show loss in property even after 16 days. 
Moreover, the quinuclidinium‐based AEM exhibit improved ion‐clustering attrib-
utes and high −OH conductivity. With morpholium derivatives, the stability was less 
and can be explained based on the inductive effect (−I effect) of heteroatoms in the 
cyclic system [28]. A similar study showing the influence of the pKa value of amines 
on alkaline stability and −OH conductivity of PPO‐based AEM was studied by Khan 
et al. [29]. The conductivity attributes were explained based on the pKa values. For 
instance, the AEM with NMPy (pKa  =  10.32) exhibits higher conductivity than 
TMA, N‐methyl imidazolium (NMIm), and NMPip in order;

PPO NMPy PPO NMPip PPO TMA PPO NMIm

Similarly, the complimentary results for alkaline stability of PPO‐TMA and PPO‐
NMPip in 1 M NaOH for 30 days at 60 °C evidently illustrate the similar trend. 
Modification of cycloaliphatic systems to more stable −OH conducting groups was 
reported by Pham and Jannasch, a newer quaternary ammonium model, viz, the 
N‐spirocyclic cation‐based AEMs were developed [30]. Attributed to high transition 
state energies for alkaline hydrolysis, the introduction of these spiro‐pyrrolidinium, 
spiro‐piperidinium, and spiro‐azepinium in poly(arylene ether sulfone) could be a 
preferred choice. Studies suggest that the influence of ring size on alkaline hydroly-
sis was not significant; however, the alkaline stability is better than that of 6‐azonia‐
spiro[5.5]undecane (ASU)‐type AEMs. In addition, the degradation in spirocyclic 
motifs preferably occurs at benzylic positions. This is likely because, in contrast to 
conventional freely rotatable systems, the possibility of β‐H elimination gets reduced 
due to the puckered configuration. Thus, only strained rings undergo ring opening 
in alkaline conditions. This also ramifies that the introduction of alkyl systems 
would plausibly ensure better durability than aryl systems.

Olsson et al. approached a de novo synthesis of poly(N,N‐diallylazacycloalkane)s 
tethered with variable spirocyclic cations, viz, the highly cationic poly(diallyl dimeth-
ylammonium chloride), poly(diallyl pyrrolidinium chloride), poly(diallyl piperidin-
ium chloride), poly(diallyl morpholium chloride), and poly(diallyl azepinium 
chloride) were synthesized. These AEMs show no fragmentation of rings; and exhibit 
profound stability with minor degradations at 120 °C for >330 h (Figure 11.8) [31].

The alkaline stability for poly(N,N‐diallylazacycloalkane)‐based spirocyclic cati-
ons was in order;

Spiro Spiro Spiro5 6 5 5 5 7, , ,alkane alkene alkane

Spiro 5 6, alkyl morpholium

Application of the spiro[5,6]alkane‐based poly(ionene) was explored with PPO‐
based cross‐linked AEM. The membrane exhibited 101 mS cm−1 −OH conductivity 
at 80 °C. Moreover, in subsequent work by the same group, a cyclo‐polycondensation 
methodology was established to design highly alkaline stable poly(ionene) 
(t1/2  =  1800 h in 1 M KOD/D2O at 80 °C). These ionenes were blended with the 
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poly(benzimidazole) (PBI) matrix and possess an −OH conductivity of 120 mS cm−1 
at 90 °C. Such high conductivity is attributed to the well‐established electrostatic 
interaction via donor–acceptor motifs, eventually these spiro‐ionene‐based AEM 
showed excellent stability at 120 °C and constitutes a new class of alkaline stable 
polyelectrolyte for fuel cell applications [31, 32]. Wang et al. studied the influence of 
different N‐cyclic cations in a twisted poly(terphenylene)‐based AEMs. The results 
were corroborated using proton nuclear magnetic resonance (1H‐NMR) studies and 
through lowest unoccupied molecular orbital (LUMO) iso‐surface energy calcula-
tions. With better nanophase morphology, the piperidinium‐type cation was found 
more stable than the spiro‐cyclic cation. However, the LUMO energy values depict 
that the spiro[5,6]alkane exhibits higher LUMO energy and hence is more stable. 
This discrepancy in result was explained because the high phase miscibility and 
segregation between hydrophobic/hydrophilic might favor the alkaline durability. 
The rich hydration environment can solvate in the −OH ions significantly in piperi-
dinium systems and hence reducing the rate of alkaline hydrolysis of AEMs [33]. 
Various reports confer that the long‐side chain morphologies impart better alkaline 
stability and high −OH conductivity. Liu et al. proposed the ether spacer side chain 
type AEM with 8‐hydroxyl‐5‐azonia‐spiro[4,5]decane and 3‐hydroxyl‐6‐azonia‐
spiro[5,5]undecane type cations on to the PESf polymer. The membranes exhibit a 
high conductivity of 85.7 mS cm−1 at 80 °C and delivered up to 110 mW cm−2 at 
300 mA cm−2 of peak power density in the H2–O2 fuel cell. Moreover, the alkaline 
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Figure 11.8 The photograph of PPOPip1.7 AEM showing transparent yellow color and 
flexible character attributes [31]. Source: Reproduced with permissions from Olsson 
et al. [31], American Chemical Society.
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stability results suggest 86.2% and 84.3% retention of −OH exchange capacities and 
conductivity after 864 h of test in 2 M NaOH at 80 °C, respectively [34]. A fluorinated 
AEM‐bearing pendent‐type spirocyclic cation was synthesized by Lin et al. via sim-
ple Williamson reaction. The membranes exhibit excellent nanophase morphology 
as confirmed by atomic force microscopy. On varying the functional concentration, 
improvements in electrochemical properties were observed. Moreover, these mem-
branes exhibit high alkaline stability with >94% property retention at 80 °C in 1 M 
KOH for 480 h and delivered a peak power density of 138.6 mW cm−2 in H2–O2 fuel 
cell at 60 °C [35]. Subsequently, Zhang et al. reported ether tethered on PSf‐based 
AEM, and it was anticipated that the ether functionality will defame the possibility 
of benzylic substitution and can provide a much better hydration environment, 
which can significantly increase the activation energy barrier for −OH attack. As a 
result, these AEMs exhibit >95% property retention after 720 h in 1 M KOH at 
80 °C [36]. To overcome the stability issue of aryl ether‐based backbones, Olsson et al. 
fabricated poly(styrene)‐tethered spirocyclic quaternary ammonium‐based AEM via 
facile Lewis acid catalyzed Friedel–Craft alkylation reaction [37]. With all hydrocar-
bon backbone and methyl‐substituted benzylic positions, the degradation by SN at 
the benzylic position is ruled out, and hence better alkaline durability can be 
achieved. These membranes exhibit almost 99% of ionic functionalities for 30 days 
at 90 °C in 2 M NaOH. However, at higher temperature (120 °C), losses of >10% were 
observed. The mechanism was proposed through β‐H elimination and ring opening 
route. Zhang et  al. proposed a rod‐coil grafting strategy to improvise nanophase 
morphology in side‐chain type ASU grafted PSf for stable and high power density in 
H2–O2 fuel cell application (Figure  11.9). In proposed architectures, the cationic 
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11  Degradation Mechanisms of Anion Exchange Membranes due to Alkali Hydrolysis256

aggregation compensates the free volume in contrast to the conventional side chain‐
based AEMs. These membranes possess the desired benchmark performance of 
850 mW cm−2 of peak power density and OH

m   ~  136 mS cm−1 at 80 °C  [38]. 
Moreover, with the increase in coil grafting, the AEM (PSF‐0.1C8‐ASD) retains 80% 
of hydroxide conductivity and 78% of mechanical stability in extreme conditions 
(8 M hot KOH). As discussed earlier, the alkaline stability depends on various 
parameters like hydration number, operation temperature, nature of cationic head, 
and polymer backbone. For this, Chen et al. performed a systematic study on 24 
cationic heads (i.e. N‐heterocyclic ammonium groups) using combined DFT calcu-
lations (computational) and experimental studies having different hydration num-
ber at 80 °C [27]. The results suggest that the degradation mechanism is governed by 
the nature of cationic head and the hydration number around these groups. For 
instance, the N‐heterocyclic ammonium degrades via SN reaction, while the N‐ 
heterocyclic ammonium‐based AEMs predominately degrade via Hoffmann elimi-
nation reaction. In addition, the models with low hydration numbers, viz, λ = 4.8 
and 7, the membrane with ASU cationic heads exhibit high alkaline durability than 
N, N‐dimethyl piperidinium (DMP). However, at λ  =  10, the DMP‐type cationic 
groups exhibit comparable alkaline stability to that of ASUs. Symmetry of N‐ 
heterocyclic ammonium is also found to influence the durability. For example,  
the ASU, DMP, Bis‐ASU, and Bis‐DMP exhibit higher stability than B‐DMP and B‐
ASU. Substitution effects were also corroborated and found that the γ‐substituted 
amines possess higher alkaline stability than ones with α‐ and β‐substituted amine. 
And with various observation in this study, a detailed insight was presented for stra-
tegic designing of AEMs for high‐performance fuel cells. Summarizing these results, the 
cyclo‐aliphatic amines are the preferred choice in AEM fabrication over conventional 
TMA‐based groups. The effect of symmetry on the stability of 2‐azabicyclo[2.2.2]octane 
(ABCO or quinuclidine) was studied by Klein et al. using the (CAM‐B3LYP/aug‐cc‐
pVDZ) level of DFT and equation‐of‐motion coupled cluster (EOM‐CCSD/aug‐ 
cc‐pVDZ) approaches (Figure 11.10a–c).

Although this study was not directly linked to the alkaline stability, however, the 
information on stabilization of ABCO‐based motifs by lowering of energy via Jahn‐
Teller distortion confers that the ABCO attains the most stable state which elimi-
nates out the favorable geometry for facile β‐H elimination via the Hoffmann ring 
opening reaction route. Attributed to the locked mono‐conformeric nature in this 
3p‐state, one of the N―C bonds gets shorter than other two N―C bonds. Thus, 
bicyclic amine systems can show a unique non‐adiabatic dynamic through 
restricted cage‐type structure in ABCO. Similarly, the 1,4‐diazabicyclo[2.2.2]octane 

Figure 11.10 (a) The degradation time via alkaline hydrolysis of variable quaternary 
ammonium groups at λ = 4.8 in NaOD/D2O/CD3OH at 80 °C [27]. Source: Reproduced with 
permission of Wiley. (b) The degradation time via alkaline hydrolysis of variable quaternary 
ammonium groups at λ = 7.0 in NaOD/D2O/CD3OH at 80°C [27]. Source: Reproduced with 
permission of Wiley. (c) The degradation time via alkaline hydrolysis of variable quaternary 
ammonium groups at λ = 10.0 in NaOD/D2O/CD3OH at 80 °C [27]. Source: Reproduced with 
permission of Wiley.
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(DABCO) could be desired alternative amines. The D3h‐6/m2 point group model in 
DABCO confers the lone pair‐through space interaction which provides extra sta-
bility under alkaline hydrolysis condition  [39]. Moreover, in the di‐quaternized 
state of DABCO, the cationic groups are in proximity; this unfolds the facile geom-
etry to trigger faster degradations, causing rapid ring opening via the elimination 
route (E2 elimination). Thus, a much optimized ionic structure and morphology 
must be explored with a point‐of‐care to prevent AEMs from alkaline hydrolysis. 
Limited to the alkaline stability of aromatic heterocyclic ionic groups, more studies 
are confined to improvise structures of heterocyclic amines to resist alkali degrada-
tion. Interestingly, a prominent scope on the C‐2 substitution of imidazolium ions 
has been observed to dramatically improve stability in fuel cell conditions. The 
electron delocalization in the π‐system improves the positive charge distribution 
helping in higher water retention through high phase separated percolating matrix. 
In additions, the imidazole‐based AEMs exhibit better thermal stability to dehydra-
tion and impart oxidative resilience  [40,41]. In stark contrast, attributed to the  
high susceptibility to −OH attack at the α‐position of pyridinium groups, the litera-
ture is limited to vinyl pyridine (VP), dimethyl amino pyridine (DMAP), and sim-
ple pyridine moieties in PBI‐based AEMs. In a report by Xue et  al., the group 
comprehensively reviewed the designs, stability aspects, and degradation mecha-
nism of AEMs based on cycloaliphatic cationic groups for electrochemical energy 
applications. Various hydrolysis mechanisms and structures for the ASU cations, 
Tröger base, and other AEMs were compiled, and the fuel cell performance of 
recent AEMs was summarized. Figure 11.11 illustrates the synthesis and alkaline 
hydrolysis of Tröger base‐based highly ion conducting membranes with intrinsic 
microporosity [43]. These membranes exhibit high alkaline stability with no sig-
nificant degradation in 2 M NaOH at 60 °C for 240 h. These results suggest that 
Tröger base‐based polymers with sophisticated ion conducting morphology are 
emerging materials for fuel cells. Mahmoud et al. studied the influence on the sta-
bility of various alkyl‐protected imidazolium AEMs prepared via γ‐radiation‐
induced grafting of monomers on ethylene tetrafluoro ethylene (ETFE)‐based 
films. Membrane with styrene modified substituted imidazole illustrated highest 
stability and performance in H2–O2 fuel cell.

The in situ degradation analysis illustrated that the hydration structures dictate the 
stability. The membranes deliver the peak power density up to 710 mW cm−2 at 
1389 mA cm−2 current density. Moreover, the 56% retention of initial voltage after 
670 h was observed inside the cell and surpassed the standard BTMA‐based 
AEMs [44] (Figure 11.12). Ryu et al. designed a chitosan and 4‐formyl pyridine‐based 
AEM via the reductive amination strategy for alkaline direct methanol fuel cell 
(DMFC). The higher positive charge was created by functionalizing the free hydroxyl 
ends by poly(vinyl imidazolium) groups. In alkaline DMFCs, the membrane exhibits 
a peak power density of 10.42 mW cm−2 at 28.76 mA cm−2 current density for the 3 M 
methanol and 2 M KOH solutions. The design was interesting due to the non‐toxic 
polymer; however, the performance of these AEMs required to improvise, and  
no degradation mechanism was provided [45]. Evidently, in AEMFC devices, various 
fuels can be employed and the influence of fuel on AEM degradation remained elusive. 
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Thus, another prospect on the alkaline degradation was studied by Sun et al. [46]. 
The study suggests that the alkaline durability is a cumulative influence of the nature 
of cationic head and alkaline fuel employed in fuel cell devices. The addition of co‐
solvents like dimethyl sulfoxide (DMSO), methanol, or ethanol accelerates the degra-
dation of cations in AEM. Moreover, the alkaline stability order for cationic polymers 
was in order (Table 11.2);

PVBMPL PVBTMA PDMVBIm PMVBIm PVBPy
+

, ,

and PVBTMP

Subsequently, complementary to the research like Chen et  al.  [27], Fan et  al. 
report the systematic study on the alkaline stability of the novel arylimidazoliums 
and bis‐arylimidazolium compounds. The initial library of 14 imidazolium mole-
cules with bulky substitution at C‐2, C‐4, and C‐5 and at N‐1 and N‐3 was strategi-
cally screened for their hydrolyzing stability in 3 M NaOD/D2O/CD3OD at 
80 °C. Figure 11.13 illustrates the half‐life of various aryl‐ and bi‐aryl‐imidazolium 
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Table 11.2 The lowest unoccupied molecular orbital energy (LUMO) values of various 
organic cations in different alkaline media.

Cations

LUMO energy (eV)

Water (ε: 78.54) DMSO (ε: 46.70) Methanol (ε: 32.63) Ethanol (ε: 24.30)

N N
+

Br
–

[DeIm]+

−1.761 −1.814 −1.870 −1.934

Cl
N+–

[BTMA]+

−1.698 −1.743 −1.783 −1.833

N N
+

Br
–

[DemIm]+

−1.503 −1.553 −1.606 −1.666

Br

+
P –

[ETMP]+

0.222 0.168 0.111 0.046

−OH (HOMO) −3.083 −2.979 −2.869 −2.745

Source: Sun et al. [46]. Reproduced with permissions of Wiley.
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groups presented in the study. Subsequently, the stability limitations of imidazolium‐
based groups were improved and achieved to desired benchmarks [47]. Moreover, to 
design stable imidazolium‐based AEMs, it is highly desirable to understand the sub-
stitution effect of alkyl chains on variable available N‐atoms in the five‐membered 
rings. Studies by Tham and Kim suggest that the resistance to alkaline hydrolysis 
can be significantly reinforced by the C‐2 substitution in imidazole ring through 
synergistic hyper‐conjugative and steric hindrance effect of alkyl substituents. The 
modification of C‐2 methyl and N‐3 butyl alkyl chains in polyarylene ether ketone 
(PAEK)‐APMBI‐based membranes exhibits superior chemical stability with no 
change in its IEC attributes for the immersion in 10 wt% NaOH solution at 60 °C. In 
addition, the influence of substitution is position‐specific. For instance, the increas-
ing steric functionalities at the C‐2 position impart higher resistance to SN ring 
opening degradation. However, the substitution of longer alkyl chains at C‐4 and 
C‐5 position does no good; and it was observed that the rate of hydrolysis tends to 
increase (Figure 11.14) [49].

Similarly, Hugar et al. investigated the prominent effect and better choices of the 
substituent at C‐4 and C‐5 position of imidazolium rings. Despite substituting the 
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bulky phenyl groups at the C‐4 and C‐5 position, the methyl substituents afford 
higher alkaline stability and improved ion‐exchange capacities in AEMs  [48]. 
Furthermore, You et al. designed a novel AEM via ring opening metathesis polym-
erization (ROMP) reaction. The membrane does not exhibit alkali‐susceptible poly-
mer backbone; these membranes exhibit remarkable durability at 80 °C for 30 days 
in 2 M KOH with no detectable changes in 1H‐NMR [50]. 

11.3.2 Alkaline Hydrolysis of Novel Metallocenium Based AEMs

In contrast to conventional N‐ and P‐based functional groups, the metallocenium‐
based AEMs (often metallo‐polyelectrolytes) offer alternative novel platforms to 
design AEMs with higher positive charge density for −OH interaction. With the 
metallic ion as a ion conducting motif, these ionic centers improve the thermo‐
chemical stability of AEMs in real operations. The metal ions in metallo‐
polyelectrolytes are often transition metals (viz, iron and cobalt) or precious metals 
(viz, ruthenium) in sandwich structures (within π‐rich arene moieties) and as che-
lates (coordinated ring complexes). Thus, this section included some of the recent 
advances on metallocenium‐based AEMs and their degradation studies [51]. Prima 
facie, the first metallocenium‐based AEM was reported by Zha et al. Attributed to 
high valence Ru(II) ion and having high temperature/pH stabilities, these AEMs 
can acquire higher water retention capacities and successively high −OH conduc-
tivities (Figure 11.15). Interestingly, the redox potential of Ru(II) is more negative 
and hence does not overlap with the fuel cell potential window. This will ensure that 
the Ru(II) ions are unlikely to get destabilized in the polyelectrolyte matrix during 
fuel cell reduction–oxidation process. To study the degradation behavior, ultraviolet– 
visible (UV–Vis) spectra were obtained for the metallocenium polyelectrolyte  
membrane in 1 M NaOH at room temperatures, and no significant changes were 
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Figure 11.15 A photograph of Ru(II) functionalized AEM prepared by Zha et al. via ring 
opening metathesis polymerization (ROMP) using second generation Grubb’s catalyst [52]. 
Source: Reproduced with permissions of American Chemical Society.
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found after 6 months. Moreover, the mechanical degradation was not significant at 
80 °C either and shows ~3% weight loss [52]. Chen et al. developed the cobaltoce-
nium ion‐based AEMs. Initially, they studied the degradation mechanisms with dif-
ferent substituents like –H, (Cp2Co+ PF6

−), –CH3, (DMCp2Co+ PF6
−), and –COOH 

(DCCp2Co+ PF6
−) to understand the influence of different groups on alkaline 

hydrolysis. The ion conducting groups with electron‐donating substituents, viz, 
DMCp2Co+ PF6

−, exhibit higher durability to −OH attack than DCCp2Co+ PF6
− 

when present in the aryl ring of cobaltocene. Furthermore, the DMCp2Co+ PF6
− 

retains 93% of cations after 30 days in 1.0 M KOH at 80 °C, while the DCCp2Co+ 
PF6

− retains only 54% after 10 days in 1 M KOH at 80 °C. This shows strong depend-
ency of the ancillary groups on alkaline stability of metallocenium‐based AEMs. 
Moreover, a series of cobaltocenium containing PBI membranes were designed and 
systematically studied for the alkaline hydrolysis reaction. Based on the studies, the 
degradation mechanism involves direct attack of −OH on the central metal ion and 
the inversion of denticity from ɳ5‐ to ɳ1‐complex via −OH attack on ring forming 
corresponding metal hydroxide precipitates in the final product (Figure 11.16) [53]. 
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Similarly, Gu et al. developed pentamethyl cyclopentadiene cobaltocenium (Cp*2Co+)‐
based AEMs. Confirming the studies from semi‐empirical quantum chemistry soft-
ware MOPAC2012, the penta‐methyl substituted ring strength metal–ligand bond 
(from 499 kJ mol−1 in Cp2Co+ to 775 kJ mol−1 in Cp*2Co+) and hence imparts better 
stability. Furthermore, the membrane was prepared via the diamine bridging strat-
egy on PSf exhibit high alkaline stability and retains 82% and 63% of its initial IEC 
in 1 M KOH at 80 °C for 1000 h and 2000 h, respectively. At 100 °C, the AEMs retain 
50% of IEC after 2000 h. These results suggest dramatic improvement in the stability 
of cobaltocenium‐based AEMs [54]. The onset decomposition temperature of 305 °C 
in these AEMs shows that this new class of polyelectrolytes could be better than 
conventional organic cationic groups for intermediate‐temperature energy applica-
tions, hence suggesting the potential utility of metallo‐polyelectrolyte membranes in 
fuel cell devices. Zhu et  al. designed cyclooctene dangled cobaltocenium‐ 
based AEM via ROMP. The precursor ionic motif was designed by simple Cu(II) 
catalyzed click reaction and further allowed to polymerize using Generation II 
Grubb’s catalyst with cyclooctene. The membranes possess excellent morphology 
and sustained 1 M NaOH at 80 °C for 30 days with 95% −OH conductivity retention. 
Moreover, attributed to high ion clustering and imparting better mechanical stabil-
ity, they also designed a cross‐linked AEM via thiol‐ene click ROMP. In time‐
dependent −OH conductivity analysis, these membranes retain 14.5 mS cm−1 after 
treating the AEM at 60 °C for 15 days in 3 M KOH. In contrast, the initial −OH con-
ductivity was 18.6 and 53.3 mS cm−1 at 20 and 80 °C, respectively. And, such decrease 
was explained based on the dissolution of free and weakly cross‐linked groups in the 
polyelectrolyte matrix [55, 56].

It is evident that the cationic heads should be alkaline stable as well as redox 
stable. Thus, Zhu et al. designed variably substituted cobaltocenium ions and cor-
roborated the properties and effects on alkaline hydrolysis and redox stability. A 
highly substituted cobaltocenium (octa‐methyl)‐based AEM was designed via 
ROMP, these AEMs delivered ~350 mW cm−2 of peak power density in the H2–O2 
fuel cell device and retained 91% of electrochemical properties after evaluating in 
3 M KOH at 60 °C for 30 days (open air environment) [57]. Tröger base‐based crown 
ether AEMs are gaining sustained surveillance due to high intrinsic porosity and 
ion selectivity. However, the alkaline stability issue needs critical assess-
ment [58–60]. In addition, You et al. performed a comprehensive study on the deg-
radation of various organic cations, and degradation mechanisms for various 
cationic heads were corroborated in the literature. Interestingly, the study also 
highlights that the bulky phosphonium‐based groups can also attain high durabil-
ity in alkaline conditions [61]. To conclude this section, the paradigm shift in AEM 
synthesis has acquired high alkaline stability materials for alkaline energy applica-
tions. However, the in situ evaluation conditions are finding their way to reach 
desired performance strata and lifetime outputs. Moreover, the discussion ramifies 
that the stability of hydroxide conducting groups depends on various factors, viz, 
the steric effect, the substituent effect, the stereo‐electronic effect, tempera-
ture [62], nature of base, the effect of atmospheric CO2 [63], and degree of solva-
tion (hydration number, λ) [5, 6, 62, 64]. Thus, it is critical to access the stability 
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aspects more accurately to reach state‐of‐the‐art performance. In addition, the 
studies suggest that the alkaline hydrolysis is inevitable; however, our efforts must 
emphasize to propose the most durable cationic head group showing high perfor-
mance and alkaline durability for commercial applications. 

11.3.3 Alkaline Hydrolysis of Polymers

Polymers play a pivotal role as a self‐standing solid‐state support in AEM fabrica-
tion. In AEMs, the mechanical instability and performance loss during electro-
chemical operations are attributed due to the alkaline hydrolysis of main chain 
polymer backbone having the hydroxide exchange group. During the degradation, 
the polymer backbone hydrolyzes to much smaller fragments, affecting the poly-
mers’ characteristic weight. The degradation mechanism varies based on the nature 
of backbone, and hence several mechanisms and causes have been studied in litera-
tures. In many works, meticulous efforts were made to stabilize hydroxide conduct-
ing groups; however, the polymer resilience is overlooked. Depending upon the 
AEM designing strategy and application aspects, the polymer backbones can be 
modified, synthesized, or can be homogenously mixed as an interpenetrating type 
network (IPN) to form novel AEMs. As discussed earlier, despite the resurgence in 
the development of various cationic head groups which has surpassed the stability 
of >10 000 h in alkaline conditions, the AEMs do not possess long life during real‐
time application. This section of the chapter describes alkaline hydrolysis of various 
polymer backbones in alkaline conditions. Very less reports comprehensively dis-
cuss the polymer degradation, and the most relevant literatures are discussed in this 
section. Apparently, the polymer backbone chemistry and its functional architec-
ture also play a crucial role in dictating the alkaline hydrolysis durability of AEMs 
(Figure 11.17) [53–55].

THF/H2O, CuSO4

l-Ascorbate sodium Grubbs II, 60 °C

N31

Tosyl hydrazide

DMF/xylene,
Et3N, 100 °C

+

Co PF6

+ –

Co PF6

+ −

Co PF6

+ – Co PF6

+ –

Co OH
+ −

2

N N
N

N
N

N

x y

190°C
2

Hexanedioic acid

DAB/PPA Microwave

p-Phthalic acid

COOH

CH3

CH3

COOHAnhydrous CoCl2 KMnO4

80°CPyrrolidine
KPF6−

x

1) 2M NH4Cl, 60 °C
DMSO/KOH
CH3I 80 °C

DMSO/KOH
CH3I 80 °C

MCp2Co+-PBI

MCp2Co+-B-PBI

O O

HN

HN

Co
+

O

O
S

R=CH3 or H MCp2Co+-PP-PBI

DMSO/KOH
CH3I 80 °C

y
N

N
N N

5

N
N

x

3

y

4

(b)

(a) (d)

(e)
0
100 200 300 400

Temperature / °C
500 600 700

−4

−3

−2

−1

0

20

40

W
ei

gh
t r

em
ai

ni
ng

 / 
%

W
ei

gh
t-

lo
ss

 r
at

e 
/ (

%
/°

C
)

60

80

100

(c)

H-AEM-OH

H-AEM-OH Hydrocarbon backbone Cobaffocenium carbon Hydroxide ion Water Ion transport pathway

2) 1M KOH, r.t.

Co PF6
+

Co

H
N

N

H
N

N
x y

H

N
H2C CH2 2

H2C CH2 2

N
H

N

N+
Co

H
N

N
x y

H

N

N

H
N

N
H

N

N+

Co

H
N

N n
H

N

N+

Co

CH3

N

N

R

N

N

R

N

N
x

R

N

N

R

N

N
y

n

CH3

N

N
+ OH–

Co+ OH–

R

N

N

R

N

N
x

R

N

N

R

N

N
y

Co+ OH–

− Co PF6

+ −

Figure 11.17 (a, b) Scheme for the synthesis of cobaltocenium-based stable AEMs via  
the ROMP method, (c) matrix structure of cobaltocenium-containing AEMs in a hydroxide 
solution, (d) synthetic route for the cobaltocenium-based PBI membranes, and  
(e) membrane image, chemical structures of Cp*2Co+ AEM with thermal stability profile 
(TGA/DTG thermogram) [53–55]. Source: Reproduced with permissions of Royal Society of 
Chemistry, John Wiley & Sons, Inc., and Springer Nature.
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11.3.3.1 Degradation Mechanism in Poly(arylene ethers) (PAEs)
Poly(arylene ethers) (PAEs) are high‐performance engineered thermoplastic poly-
mers used to design AEMs. Attributed to high stability and facile sites for chemical 
modification, these polymers are the most studied polymers in literatures. Moreover, 
these low‐cost poly‐hydrocarbons can provide additional cost benefits in device fab-
rication [65]. These polymers are available in market with trade/commercial names 
like Victrex®, Udel®, KetaSpire®, Kadel®, and Radel®. Depending upon the functional 
motifs present in these speciality polymers, they can be poly(ether ketones) 
(PEEK), PESf, poly(ketones), PSf, PPO, etc. In a report by Gottesfeld et al., the influ-
ence of polymers’ molecular weight on the mechanical stability was illustrated and 
discussed as to how it influenced the device performance. Polymers with high 
molecular weight tend to possess higher alkaline stability due to the chain entangle-
ment; however, the physicochemical and electrochemical properties like water 
retention and −OH conductivity remain independent. Moreover, the synthesis of 
high molecular weight PAEs is difficult because they are conventionally prepared by 
step‐growth polymerization and if synthesized, then high purity monomers are 
required, which will increase the processing cost significantly. Thus, a careful strat-
egy to overcome polymer scissoring is required to explore to fabricate durable 
AEMs [65]. A detailed mechanistic insight on the alkaline hydrolysis of PESf was 
corroborated by Arges and Ramani The degradation analysis was evaluated employ-
ing 2D NMR spectroscopy, viz, the heteronuclear multiple quantum correlation 
spectroscopy (HMQC) and correlation spectroscopy (COSY). His study concludes 
that the polymer scissoring is the triggered dynamics of QAGs on PESf backbones. 
For example, the PESf and chloromethylated PESf are alkaline stable in 1 M and 6 M 
NaOH at 60 °C. However, the quaternized membranes become reactive to the −OH 
ions due to electronic effects and impart a high positive dipole moment on the ether 
linkage of the PESf backbone. They also suggested that the polymer backbone sta-
bility can be improved through adding alkyl spacers between PESf and conducting 
groups in AEM [9]. Studies by Miyanishi and Yamaguchi proposed a comprehen-
sively revised degradation mechanism of hydroxide conducting groups and PAE 
backbones. In the conventional hydrolysis mechanism, direct hydrolysis of the poly-
mer and groups was reported; however, the new mechanism was corroborated as 
the “ether cleavage‐triggered cation degradation.” In this, the ether cleavage cata-
lyzes the degradation of cationic groups in AEMs. Also, the results suggest that the 
polymer stability is critically important and emphasis must be given to improve 
endurance under alkaline conditions [8]. Figure 11.18 illustrates the mechanism of 
polymer degradation of PESf‐based AEM via alkaline hydrolysis. Interestingly, the 
alkaline hydrolysis mechanism of PAEs in AEM does not differ to a significant 
extent. However, the secondary functional groups can dramatically influence the 
aryl‐oxy bond cleavage in alkaline conditions.

Studies by Mohanty et al. illustrate that the substitution of electron withdrawing 
groups which stabilize the Meisenheimer intermediates catalyze the polymer degra-
dation. In contrast, the polymers without aryl‐oxy bonds show no sign of degrada-
tion [66]. The degradation mechanisms for all PAEs like PPO and PEEK also follow 
the same mechanism (Figure 11.19).
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Figure 11.18 Scheme showing the (a, b) conventional and (c) proposed degradation 
mechanisms of PESf-based AEM in aq. NaOH [8]. Source: Reproduced with permissions of 
Royal Society of Chemistry.
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Figure 11.19 (a) Changes in number-average molecular weight (Mn) of (a) PSU, (b) PPO in 
alkaline conditions: (i) 3 eq. of KOH, 18-crown-6, THF/H2O (4 : 1, v/v), 60 °C for 2 h and then 
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CH3O− attack and their plausible by-products for PESf-based compound models [66]. 
Source: Reproduced with permissions of American Chemical Society.
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11.3.3.2 Degradation Mechanism in Fluorinated Polymer
Fluorinated polymers are attractive polymers in membrane synthesis due to excel-
lent physical properties. Attributed to strong C―F (~110 kcal mol−1) and C―C bonds 
(97 kcal mol−1), these are the materials with excellent chemical stability and oxidative 
stability. However, due to the dehydrofluorination reaction in alkaline conditions, 
the scope of fluorinated polymers in alkaline electrochemical energy devices is not 
much explored [67, 68]. In recent reports, McHugh et al. designed vinylbenzyl (tri-
methylammonium) and N‐vinyl imidazole co‐polymerized poly(vinylidene fluoride‐ 
co‐hexafluoropropylene)‐based membranes for lignin electrolyzers. The electrolysis 
performance was parallel to commercial benchmarks; however, the long‐term 
mechanical and chemical stability was not sufficient. They concluded that an alter-
nate approach is required to optimize the durability of these materials in alkaline 
conditions [69]. Ahmed et al. revisited and studied the dehydrofluorination mecha-
nism of poly(vinylidene fluoride) in propan‐2‐ol and proposed the dehydrofluorina-
tion insights (Figure 11.20).

Mechanism of alkaline degradation in vinylidene fluoride‐based polymers: the reac-
tion of poly(vinylidene fluoride) degradation initiates through a hydrogenation step 
after the elimination reaction. The feasibility of this reaction underlies the partial 
instability of the unsaturated fragment due to the repulsion between fluorine lone 
pairs and induced π‐system of double bond. In such reactions, the propan‐2‐ol in 
NaOH acts as an H‐donor, forming sodium isopropyl alcoholate, which in turn is 
dehydrofluorinated via the six‐membered type intermediate. And finally, the decom-
position of the intermediate in the dehydrofluorination step induces the double 
bond (–CH═CF–), causing degradation of poly(vinylidene fluoride) [68]. Recently, 
Sharma et al. investigated the site selectivity of dehydrofluorination in PVDF and 
also, highlighted on the phase transformation over alkali treatment and detailed 
dehydrofluorination mechanism was studied [70].
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11.3.3.3 Degradation Mechanism in Poly(benzimidazole) Based Polymers
Excellent −OH conductivity attributes, high decomposition temperature, and gas‐
tightness of the PBI‐based AEMs have gained tremendous interest as a separator for 
high‐temperature alkaline exchange membrane fuel cell (HT‐AEMFC) applications 
(mostly Toperations ≥ 120 °C). Thus, PBI and its modified architectures have been 
explored tremendously for alkaline energy applications  [71] (Figure  11.21). Aili 
et  al. studied the alkaline degradation reaction of poly(2,2′‐(m‐phenylene)‐5,5′‐
bibenzimidazole) (m‐PBI) and poly(2,2′‐(m‐mesitylene)‐5,5′‐bibenzimidazole) (mes‐
PBI), respectively. Under accelerated condition of 50 wt% KOH solution at 88 °C, the 
m‐PBI spontaneously degrades after 100 days, whereas the mes‐PBI shows visually 
intact mechanical stability even after 207 days. The degradation was probed using 
size exclusion chromatography (SEC) traces after the aging of m‐PBI and mes‐PBI 
for 200–207 days in 10 wt% alkaline solution.

Results suggest relatively higher Mn value of mes‐PBI over m‐PBI and hence lower 
scission rate of mes‐PBI‐based AEM. The in situ analysis in the electrolyzer was 
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Figure 11.21 Degradation mechanism of poly(benzimidazole)-based AEM (a) mes-PBI 
degradation in the KOH environment, (b) influence of KOH composition on the alkaline 
hydrolysis rate using 1H-NMR, and (c) detailed mechanism of alkaline hydrolysis of PBI 
membranes [71, 72]. Source: Reproduced with permissions of American Chemical Society 
and Royal Society of Chemistry.
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carried out for three days with 25 wt% KOH electrolyte at 88 °C, the diagnosis sug-
gests no sign of degradation in mes‐PBI for three days, while the oxidative degrada-
tion and polymer chain scission were evident after two days of experiment in m‐PBI 
membranes. Thus, the influence of bulky groups in the PBI‐based backbone imparts 
better resilience to alkaline hydrolysis [71]. In a review by Wu et al., it is suggested 
that the NaOH doped PBIs do not significantly degrade up to 570 °C. Interestingly, 
the alkali‐doped PBIs are the niche polymers which successfully removed the limita-
tion of fuel cell operation between 60 and 80 °C. In addition, this review summarizes 
the important factors which can affect the PBI membrane performance. Mechanical 
and thermal stability was discussed in detail. Moreover, the fast electrochemical 
kinetics, high CO tolerance at elevated temperatures, etc. assure the PBIs assembled 
fuel cell stacks for practical applications [73]. In addition, the KOH‐doped PBIs pos-
sess higher ionic conductivities (~90 mS cm−1 at 25 °C) than H2SO4 (~50 mS cm−1 at 
25 °C) and H3PO4 (20 mS cm−1 at 25 °C), which is 45% and 75% higher, respectively, 
and thus make it an excellent membrane material  [74]. Hou et  al. reported the 
changes in power density through in situ stability examination of KOH doped shows 
that the peak power density was 30, 15, 14, and 9 mW cm−2 at 0, 210, 220, and 240 h, 
respectively. However, the voltage fluctuations were mainly of concern due to the 
nature of the electrocatalyst. The ex situ durability results show decline in −OH con-
ductivity from 23 to 10 mS cm−1 at room temperature within 100 h at a degrading rate 
of 1.3 × 10−4 S cm−1 h−1, and this might be attributed to the alkaline hydrolysis of the 
imidazolium ring in PBI [75]. Sana et al. designed stable poly(butylated pyridinium 
benzimidazolium)‐based cross‐linked AEM with variable aryl motifs in the polymer 
backbone. The designed AEMs with the aryl ether moiety show highest −OH conduc-
tivity (up to 39.4 and 111 mS cm−1 at 30 and 80 °C, respectively) and exhibit an IEC of 
3.97 meq g−1. Ex situ durability analysis shows no degradation of membranes when 
tested for 16 days in 5 M KOH at 80 °C. The study suggests that the excellent alkaline 
durability of designed AEM is attributed to the cross‐linked network and steric pro-
tection of the substituent at C‐2 imidazolium moieties [76]. Serhiichuk et al. compre-
hensively studied the alkaline degradation mechanism of functionally arylene‐linked 
bis‐benzimidazoles for 3164 h at 80 °C. And, the degradation mechanism was pro-
posed. The degradation initiates from the attack of −OH at the benzimidazolium C‐2 
position followed by ring opening from the tetrahedral adduct to produce amides and 
finally, the hydrolysis of amides causing polymer backbone scission (Figure 11.21) [72]. 
Similar ring opening degradation was observed by Wang et al. Moreover, in his study, 
the influence of the butyl spacer in modulating the nanophase morphology for better 
ionic conductivity of PBI‐based AEMs was also discussed [77]. Improving the elec-
trochemical attributes for high‐performance devices is critically important. Jheng 
et al. investigated ethylene‐oxy spacer side chain grafting of imidazolium moieties in 
PBI membranes. The membrane exhibits the highest ever ionic conductivity of 
272 mS cm−1 at 80 °C and undergoes alkaline hydrolysis at the imidazolium 
center  [78]. Fan et  al. designed highly stable AEMs which exhibit t1/2 > 5000 h at 
100 °C in 10 M aq. KOH  [79]. This class of methyl‐protected poly(arylene‐
imidazolium) (HMT‐PMPI) seems to be the AEM benchmark of the present time, 
and the design exhibits excellent combinatorial influence of steric, electronic, and 
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stereochemical shielding effects. Despite these, the PBI membranes do not possess 
an aryl‐oxy center, but the imine motifs have been known to hydrolyze and degrade 
in aqueous alkaline conditions. To conclude, the C‐2 centers in poly(benzimidazolium)‐
based AEMs are the most vulnerable site in the alkaline environment (Figure 11.22). 

11.3.3.4 Degradation Mechanism in Poly(alkyl) and Poly(arene) 
Based Polymers
Resurgence in studying the alkaline degradation of various polymers ramifies that the 
heteroatomic linkage, viz, C–O and C–N in polymer backbone is hydrolyzable and 
causes mechanical as well as functional failures. To overcome this drawback, an alter-
nate strategy is to explore the durability of poly(alkyl) and poly(arene) with all the 
hydrocarbon frameworks in AEM synthesis [80]. Unlike conventional polymers, viz, 
PAE, PBIs, per(fluoro alkanes), and poly(norbornenes), the poly(alkyl) and poly(arene) 
lack labile groups and show high resilience in wide pH conditions. More often, the 
reports in such AEMs with such aryl‐ether free backbones reveal that the degradation 
is attributed to the ionic group alkaline hydrolysis discussed in Section 11.2. Moreover, 
the poly(alkyls) with a flexible hydrocarbon backbone are low‐cost elastomeric poly-
mer with appreciable glass transition temperature. Attributed to high stability, the 
poly(alkyls) and poly(arenes) have gained sustained surveillance to design high‐ 
performance and durable AEMs for energy devices. Depending upon the synthetic 
route adopted, the polymers can be synthesized by free radical polymerization, radia-
tion‐induced grafting of the monomer, ring‐opening metathesis polymerization, super-
acid polycondensations  [81], organocatalytic polymerization (viz, the coupling 
reactions), etc. [1, 82]. Zeng et al. designed a poly(vinyl alcohol)‐based semi‐IPN incor-
porating the co‐polymer of divinyl benzene and NMPip functionalized vinyl benzyl-
chloride. The AEMs achieved a high −OH conductivity of 257 mS cm−1 at 80 °C and 
show no sign of polymer degradation in 13C solid‐state NMR. However, the cationic 
group shows alkaline hydrolysis [83]. Mohanty et al. systematically studied the alka-
line stability of polystyrene‐b‐poly(ethylene‐co‐butylene)‐b‐polystyrene (SEBS) 

Figure 11.22 Benchmark alkaline stability of the HMT-PMPI membrane in literature: the 
polymer electrolyte designing and properties. Source: Reproduced with permissions from 
Fan et al. [79], American Chemical Society.
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polymer. The results validate that no significant degradation was noticed in the pristine 
SEBS and chloromethylated SEBS under variable test conditions (Figure 11.23) [66].

Like the observations by Mohanty et al., Shi et al. also affirm the alkaline hydroly-
sis resilience of SEBS‐based AEM [84]. The retention of functional fingerprints was 
confirmed by FT‐IR spectroscopy. Thus, the mechanism of polymer degradation are 
not well‐postulated in studies. However, Wang et al. suggested some discrete degra-
dation pattern in the radiation‐grafted low‐density polyethylene (LDPE)‐based 
AEM. After 28 days of observation, the brittleness confirms polymer degradation. 
Further assessment with 13C solid‐state NMR confirms that upon alkali treatment, 
the peak intensity at δ = 146 and 136 ppm found to decrease, and thus some traces 
of minor degradations were summarized. In addition, the ETFE‐grafted AEMs 
show extreme polymer degradation [85, 86]. Studies by Gao et al. suggested that the 
elastomeric polymer is an excellent alternative to conventional aryl‐ether‐bearing 
polymer backbones [87]. Superacid polycondensation‐based AEMs are gaining con-
siderable insight in fabricating durability and show very stable attributes in the alka-
line environment with no polymer degradation. However, the concern is synthetic 
route, which require higher mole ratios of super acids (viz, CF3SO3H, CF3COOH, 
and CH3SO3H)  [88]. Various research studies confer that the polymers replacing 
conventional aryl‐ether bonds with all C―C bonds can acquire the AEM designs of 
desired stability. To conclude, the key to acquire long‐term mechanical stability 
requires an alkali inert polymer of hydrocarbon origin. 
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11.3.4 Free Radical Oxidative Degradation of AEM

This section of the chapter discusses briefly the degradation mechanism of cationic 
groups in the presence of radical oxidative species. Oxidative degradation serves the 
most destructive mode of performance decay in AEMs. Unlike nucleophilic −OH‐
based chemical degradations (viz, alkaline hydrolysis), the in operando conditions 
during electrochemical operations are rather more fugitive. The reaction of polymer 
electrolytes with reactive oxygen species (ROS) generated due to interfacial reac-
tions at both the cathode and anode side imparts the mechanical instability in 
AEMs [2].

Literatures on the oxidative degradation mechanism of PEMs are well‐reported 
by Mustain et al. and Parrondo et al. [2, 89]. However, the oxidative degradation in 
AEMs has been documented less in real‐time conditions, and hence the testing is 
performed employing some hydroxide (˙OH), peroxide (˙OOH), and superoxide 
(˙O2

−) radicals generated ex situ (viz, Fenton’s reagent). During the electrochemical 
operation, ˙OH, ˙H, ˙OOH, and ˙O2

− radicals are formed via electron transfer at the 
membrane–catalyst interface under high alkaline conditions (pH > 10). Gubler 
et al. performed a systematic study on the radical formation and suggests that the 
oxidative strength of these ROS is in order; [˙OH] > [˙H] > [˙OOH] > H2O2  [90]. 
Studies by Parrondo et al. ramify the influence of dissolved oxygen in generating 
more hydroxide radicals and hence causing faster oxidative degradation of AEM, 
leading to mechanical failure [89]. Interestingly, the AEM degradation occurs at the 
cationic group and polymer backbone. The mechanism of cationic head group deg-
radation is simple and proceeds via N‐ylide intermediate and can be referred from 
Figure 11.24. Similarly, the literatures on the mechanism of oxidative degradation 
of various polymer backbones remained silent. However, few reports on the mecha-
nism of polymer degradation suggest that the mechanism is governed by the chemi-
cal nature of backbone. For instance, Espiritu et  al. studied the low‐density 
polyethylene grafted vinyl benzylchloride (LDPE‐g‐VBC)‐based AEM with all 
hydrocarbon polymer backbone, and the nature on the oxidative degradation mech-
anism was proposed. The mechanism of polymer degradation is through triggered 
radical peroxy‐polymer structure formation followed by simultaneous disintegra-
tion from the subsequent active benzylic position, leading to oxidative polymer scis-
soring (Figure 11.25a), and the driving force for such a reaction is attributed to the 
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feasibility in benzylic radical formation [91]. In contrast, the degradation mecha-
nism of novel Friedel–Crafts polymerized aryl‐backbones affords a different route. 
A detailed insight on the pristine AEM and oxidatively treated end‐products was 
studied using NMR spectroscopy (Figure 11.25b). This study by Maurya et al. cor-
roborated that the loss in the AEM performance (cathode ionomer) is due to the 
phenyl oxidation. The energetically favorable adsorption of aryl‐motifs was corre-
lated. It was suggested that the lesser number of phenyl groups can favor better 
durability, and simultaneous choice of less adsorptive doped electrocatalysts may 
help in improvisation of the AEM and device life‐time [92]. To conclude, it is impor-
tant to note here that these mechanisms can be more complex in operando, and 
hence this suggests that to understand the combinatorial effect of alkaline hydroly-
sis and oxidative degradation on AEMs, more real‐time in situ diagnosis for the deg-
radation mechanism should be explored. 

11.4  Prospects and Outlook

Recent developments in AEM fabrication have gained meticulous insights for vari-
ous novel synthetic strategies. It is evident that high hydroxide conductivity, excel-
lent ex situ durability, low fuel cell device cost using non‐precious metal catalyst, 
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and acquiring power outputs ≥3 W cm−2 have paved its way to future implementa-
tions. Also, the half‐lives of almost every class of quaternizable amines have been 
corroborated in past years and allow us to shortlist the most elite and stable scaf-
folds. Apart from polyelectrolyte degradations, bicarbonate–carbonate generation, 
membrane electrode assembly (MEA) delamination, flooding issues, etc. is impor-
tant to be thought off. Summarizing the fuel cell technology, the increasing number 
of studies and overcoming the technological limitations seem to be challenging for 
next few years. Moreover, this sustainable technology will eventually earn its credit 
in the rapidly growing hydrogen economy. Based on the literatures, our conscience 
to develop polyelectrolytes with following features marked in brief details

    (i) The stability of cationic head groups depends upon several factors, viz, the 
steric/substitution effects, electronic effects, and the hydration environment. 
The long‐side chain morphologies with cycloaliphatic (viz, ASU) type cationic 
heads acquire high nanophase separation imparting to achieve high hydroxide 
conductivities. In addition, the stability in the cationic head has achieved sta-
bilities of more than one year under alkaline conditions [93].

  (ii) The polymer degradation triggers dynamic phenomena, and hence the cati-
onic motifs should be placed away bearing an optimum spacer length of 3 C to 
6 C. In contrast to conventional aryl‐ether‐based polymers, all hydrocarbon 
polymers can be a viable option to design alkaline durable AEM  [94–96]. 
Moreover, the PBI‐based polyelectrolyte can be a viable alternative to design 
highly stable AEM for high‐temperature fuel cell/electrolyzer applications.

(iii) The formation of ROS is governed by electrocatalysts in membrane electrode 
assemblies; this ROS generation is inevitable in the aqueous alkaline environ-
ment. Thus, radical scavenging materials with high surface oxygen vacancies 
or electron quenching attributes must be studied, provided the intercalations 
do not alter the physicochemical and electrochemical attributes of AEM.

 (iv) Post mortem analysis of AEMs often suffers edge‐deflection and bursting. This 
mechanical failure defames the device performance. It is observed that at the 
areas of maximum stress, the punctures significantly occur; thus, high molec-
ular weight polymers with tensile strengths ≥50 MPa at 80–100 °C in alkaline 
environments must be at the stimulus plan during fuel cell installations.

11.5  Conclusion

The alkaline hydrolysis and oxidative degradation of AEM restrict the terrestrial 
utilization of alkaline membrane fuel cell and alkaline membrane water electro-
lyzer devices in the energy market. However, recent advances in AEM fabrication 
are trailing a positive impact on achieving the highest possible performance and 
stability standards. Moreover, the inaccurate durability examination protocols in 
comparison to the original state of operations have limited the detailed scientific 
understanding. Thus, simultaneous strategies and realistic examination methods 
should be developed to overcome the real‐time instability dilemma. Evidently, the 
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AEM designing and its characteristics will achieve the desired performance in the 
near future. Along with the academic interest in developing novel advanced materi-
als, it is highly desirable to design alkali stable polyelectrolyte membranes via 
benign synthetic routes and cost‐effective strategies for large‐scale implementa-
tions. Although various aspects of AEM design are remained uncovered in this 
chapter due to limited scope, it is well‐understood and positively expected that this 
technology will grab a faster pace toward global sustainable energy goals in coming 
years of its development.

 References

 1 Chen, N. and Lee, Y.M. (2021). Anion exchange polyelectrolytes for membranes 
and ionomers. Prog Polym Sci 113: 101345. https://doi.org/10.1016/j.progpolymsci 
.2020.101345.

 2 Mustain, W.E., Chatenet, M., Page, M., and Kim, Y.S. (2020). Durability challenges 
of anion exchange membrane fuel cells. Energy Environ Sci 13: 2805. https://doi 
.org/10.1039/D0EE01133A.

 3 Merle, G., Wessling, M., and Nijmeijer, K. (2011). Anion exchange membranes for 
alkaline fuel cells: a review. J Membr Sci 377: 1. https://doi.org/10.1016/ 
j.memsci.2011.04.043.

 4 Yang, Z., Ran, J., Wu, B. et al. (2016). Stability challenge in anion exchange 
membrane for fuel cells. Curr Opin Chem Eng 12: 22. https://doi.org/10.1016/ 
j.coche.2016.01.009.

 5 Dekel, D.R., Amar, M., Willdorf, S. et al. (2017). Effect of water on the stability of 
quaternary ammonium groups for anion exchange membrane fuel cell applications. 
Chem Mater 29: 4425. https://doi.org/10.1021/acs.chemmater.7b00958.

 6 Dekel, D.R., Willdorf, S., Ash, U. et al. (2018). The critical relation between 
chemical stability of cations and water in anion exchange membrane fuel cells 
environment. J Power Sources 375: 351. https://doi.org/10.1016/j.jpowsour 
.2017.08.026.

 7 Pham, T.H., Allushi, A., Olsson, J.S., and Jannasch, P. (2020). Rational molecular 
design of anion exchange membranes functionalized with alicyclic quaternary 
ammonium cations. Polym Chem 11: 6953. https://doi.org/10.1039/D0PY01291B.

 8 Miyanishi, S. and Yamaguchi, T. (2016). Ether cleavage‐triggered degradation of 
benzyl alkylammonium cations for polyethersulfone anion exchange membranes. 
Phys Chem Chem Phys 18: 12009. https://doi.org/10.1039/C6CP00579A.

 9 Arges, C.G. and Ramani, V. (2013). Two‐dimensional NMR spectroscopy reveals 
cation‐triggered backbone degradation in polysulfone‐based anion exchange 
membranes. Proc Natl Acad Sci 110: 2490. https://doi.org/10.1073/pnas.1217215110.

 10 Hyun, J., Yang, S.H., Doo, G. et al. (2021). Degradation study for the membrane 
electrode assembly of anion exchange membrane fuel cells at a single‐cell level.  
J Mater Chem A 9: 18546. https://doi.org/10.1039/D1TA05801K.

 11 Shin, D., Bae, C., and Kim, Y.S. (2018). Chapter 8, Anion exchange membranes: 
stability and synthetic approach. In: The Chemistry of Membranes Used in Fuel Cells 

https://doi.org/10.1016/j.progpolymsci.2020.101345
https://doi.org/10.1016/j.progpolymsci.2020.101345
https://doi.org/10.1039/D0EE01133A
https://doi.org/10.1039/D0EE01133A
https://doi.org/10.1016/j.memsci.2011.04.043
https://doi.org/10.1016/j.memsci.2011.04.043
https://doi.org/10.1016/j.coche.2016.01.009
https://doi.org/10.1016/j.coche.2016.01.009
https://doi.org/10.1021/acs.chemmater.7b00958
https://doi.org/10.1016/j.jpowsour.2017.08.026
https://doi.org/10.1016/j.jpowsour.2017.08.026
https://doi.org/10.1039/D0PY01291B
https://doi.org/10.1039/C6CP00579A
https://doi.org/10.1073/pnas.1217215110
https://doi.org/10.1039/D1TA05801K


11  Degradation Mechanisms of Anion Exchange Membranes due to Alkali Hydrolysis278

(ed. S. Schlick), 195–226. Wiley. ISBN: 978‐1‐119‐19608‐2. https://www.wiley.com/
en- us/The+Chemistry+of+Membranes+Used+in+Fuel+Cells:+Degradation+and
+Stabilization- p- 9781119196082 (accessed 13 November 2023).

 12 Sun, Z., Lin, B., and Yan, F. (2018). Anion‐exchange membranes for alkaline 
fuel‐cell applications: the effects of cations. ChemSusChem 11: 58. https://doi 
.org/10.1002/cssc.201701600.

 13 Cheng, J., He, G., and Zhang, F. (2015). A mini‐review on anion exchange 
membranes for fuel cell applications: stability issue and addressing strategies.  
Int J Hydrog Energy 40: 7348. https://doi.org/10.1016/j.ijhydene.2015.04.040.

 14 Marino, M.G. and Kreuer, K.D. (2015). Alkaline stability of quaternary ammonium 
cations for alkaline fuel cell membranes and ionic liquids. ChemSusChem 8: 513. 
https://doi.org/10.1002/cssc.201403022.

 15 Chen, J., Li, C., Wang, J. et al. (2017). A general strategy to enhance the alkaline 
stability of anion exchange membranes. J Mater Chem A 5: 6318. https://doi 
.org/10.1039/C7TA00879A.

 16 Li, L., Wang, J., Hussain, M. et al. (2021). Side‐chain manipulation of poly 
(phenylene oxide) based anion exchange membrane: alkoxyl extender integrated 
with flexible spacer. J Membr Sci 624: 119088. https://doi.org/10.1016/j.memsci 
.2021.119088.

 17 Zhu, L., Yu, X., and Hickner, M.A. (2018). Exploring backbone‐cation alkyl spacers 
for multi‐cation side chain anion exchange membranes. J Power Sources 375: 433. 
https://doi.org/10.1016/j.jpowsour.2017.06.020.

 18 Mohanty, A.D. and Bae, C. (2014). Mechanistic analysis of ammonium cation 
stability for alkaline exchange membrane fuel cells. J Mater Chem A 2: 17314. 
https://doi.org/10.1039/C4TA03300K.

 19 Nuñez, S.A., Capparelli, C., and Hickner, M.A. (2016). N‐Alkyl interstitial spacers 
and terminal pendants influence the alkaline stability of tetraalkylammonium 
cations for anion exchange membrane fuel cells. Chem Mater 28: 2589. https://doi 
.org/10.1021/acs.chemmater.5b04767.

 20 Pan, J., Han, J., Zhu, L., and Hickner, M.A. (2017). Cationic side‐chain attachment to 
poly(phenylene oxide) backbones for chemically stable and conductive anion exchange 
membranes. Chem Mater 29: 5321. https://doi.org/10.1021/acs.chemmater.7b01494.

 21 Liu, L., Li, Q., Dai, J. et al. (2014). A facile strategy for the synthesis of 
guanidinium‐functionalized polymer as alkaline anion exchange membrane with 
improved alkaline stability. J Membr Sci 453: 52. https://doi.org/10.1016/ 
j.memsci.2013.10.054.

 22 Sherazi, T.A., Zahoor, S., Raza, R. et al. (2015). Guanidine functionalized radiation 
induced grafted anion‐exchange membranes for solid alkaline fuel cells. Int J 
Hydrog Energy 40: 786. https://doi.org/10.1016/j.ijhydene.2014.08.086.

 23 Xue, B., Dong, X., Li, Y. et al. (2017). Synthesis of novel guanidinium‐based 
anion‐exchange membranes with controlled microblock structures. J Membr Sci 
537: 151. https://doi.org/10.1016/j.memsci.2017.05.030.

 24 Xue, B., Wang, Q., Zheng, J. et al. (2020). Bi‐guanidinium‐based crosslinked anion 
exchange membranes: synthesis, characterization, and properties. J Membr Sci 601: 
117923. https://doi.org/10.1016/j.memsci.2020.117923.

https://www.wiley.com/en-us/The+Chemistry+of+Membranes+Used+in+Fuel+Cells:+Degradation+and+Stabilization-p-9781119196082
https://www.wiley.com/en-us/The+Chemistry+of+Membranes+Used+in+Fuel+Cells:+Degradation+and+Stabilization-p-9781119196082
https://www.wiley.com/en-us/The+Chemistry+of+Membranes+Used+in+Fuel+Cells:+Degradation+and+Stabilization-p-9781119196082
https://doi.org/10.1002/cssc.201701600
https://doi.org/10.1002/cssc.201701600
https://doi.org/10.1016/j.ijhydene.2015.04.040
https://doi.org/10.1002/cssc.201403022
https://doi.org/10.1039/C7TA00879A
https://doi.org/10.1039/C7TA00879A
https://doi.org/10.1016/j.memsci.2021.119088
https://doi.org/10.1016/j.memsci.2021.119088
https://doi.org/10.1016/j.jpowsour.2017.06.020
https://doi.org/10.1039/C4TA03300K
https://doi.org/10.1021/acs.chemmater.5b04767
https://doi.org/10.1021/acs.chemmater.5b04767
https://doi.org/10.1021/acs.chemmater.7b01494
https://doi.org/10.1016/j.memsci.2013.10.054
https://doi.org/10.1016/j.memsci.2013.10.054
https://doi.org/10.1016/j.ijhydene.2014.08.086
https://doi.org/10.1016/j.memsci.2017.05.030
https://doi.org/10.1016/j.memsci.2020.117923


  References 279

 25 Liu, Y., Dai, J., Zhang, K. et al. (2017). Hybrid anion exchange membrane of 
hydroxyl‐modified polysulfone incorporating guanidinium‐functionalized graphene 
oxide. Ionics 23: 3085. https://doi.org/10.1007/s11581- 017- 2100- 3.

 26 Mohanty, A.D., Tignor, S.E., Sturgeon, M.R. et al. (2017). Thermochemical stability 
study of alkyl‐tethered quaternary ammonium cations for anion exchange 
membrane fuel cells. J Electrochem Soc 164: F1279. https://doi.org/10.1149/ 
2.0141713jes.

 27 Chen, N., Jin, Y., Liu, H. et al. (2021). Insight into the alkaline stability of  
n‐heterocyclic ammonium groups for anion‐exchange polyelectrolytes. Angew 
Chem Int Ed 60: 19272. https://doi.org/10.1002/anie.202105231.

 28 Dang, H.‐S. and Jannasch, P. (2017). A comparative study of anion‐exchange 
membranes tethered with different hetero‐cycloaliphatic quaternary ammonium 
hydroxides. J Mater Chem A 5: 21965. https://doi.org/10.1039/C7TA06029G.

 29 Khan, M.I., Li, X., Fernandez‐Garcia, J. et al. (2021). Effect of different 
quaternary ammonium groups on the hydroxide conductivity and stability of 
anion exchange membranes. ACS Omega 6: 7994. https://doi.org/10.1021/
acsomega.0c05134.

 30 Pham, T.H. and Jannasch, P. (2015). Aromatic polymers incorporating bis‐N‐
spirocyclic quaternary ammonium moieties for anion‐exchange membranes.  
ACS Macro Lett 4: 1370. https://doi.org/10.1021/acsmacrolett.5b00690.

 31 Olsson, J.S., Pham, T.H., and Jannasch, P. (2017). Poly(N,N‐diallylazacycloalkane)s 
for anion‐exchange membranes functionalized with N‐spirocyclic quaternary 
ammonium cations. Macromolecules 50: 2784. https://doi.org/10.1021/acs 
.macromol.7b00168.

 32 Pham, T.H., Olsson, J.S., and Jannasch, P. (2017). N‐Spirocyclic quaternary 
ammonium ionenes for anion‐exchange membranes. J Am Chem Soc 139: 2888. 
https://doi.org/10.1021/jacs.6b12944.

 33 Wang, X., Lin, C., Gao, Y., and Lammertink, R.G.H. (2021). Anion exchange 
membranes with twisted poly(terphenylene) backbone: effect of the N‐cyclic 
cations. J Membr Sci 635: 119525. https://doi.org/10.1016/j.memsci.2021.119525.

 34 Liu, F.H., Yang, Q., Gao, X.L. et al. (2020). Anion exchange membranes with dense 
N‐spirocyclic cations as side‐chain. J Membr Sci 595: 117560. https://doi 
.org/10.1016/j.memsci.2019.117560.

 35 Lin, C., Yu, D., Wang, J. et al. (2019). Facile construction of poly(arylene ether)
s‐based anion exchange membranes bearing pendent N‐spirocyclic quaternary 
ammonium for fuel cells. Int J Hydrog Energy 44: 26565. https://doi.org/10.1016/ 
j.ijhydene.2019.08.092.

 36 Zhang, Y., Chen, W., Yan, X. et al. (2020). Ether spaced N‐spirocyclic quaternary 
ammonium functionalized crosslinked polysulfone for high alkaline stable anion 
exchange membranes. J Membr Sci 598: 117650. https://doi.org/10.1016/j.memsci 
.2019.117650.

 37 Olsson, J.S., Pham, T.H., and Jannasch, P. (2020). Functionalizing polystyrene with 
N‐alicyclic piperidine‐based cations via friedel–crafts alkylation for highly alkali‐
stable anion‐exchange membranes. Macromolecules 53: 4722. https://doi.org/10 
.1021/acs.macromol.0c00201.

https://doi.org/10.1007/s11581-017-2100-3
https://doi.org/10.1149/2.0141713jes
https://doi.org/10.1149/2.0141713jes
https://doi.org/10.1002/anie.202105231
https://doi.org/10.1039/C7TA06029G
https://doi.org/10.1021/acsomega.0c05134
https://doi.org/10.1021/acsomega.0c05134
https://doi.org/10.1021/acsmacrolett.5b00690
https://doi.org/10.1021/acs.macromol.7b00168
https://doi.org/10.1021/acs.macromol.7b00168
https://doi.org/10.1021/jacs.6b12944
https://doi.org/10.1016/j.memsci.2021.119525
https://doi.org/10.1016/j.memsci.2019.117560
https://doi.org/10.1016/j.memsci.2019.117560
https://doi.org/10.1016/j.ijhydene.2019.08.092
https://doi.org/10.1016/j.ijhydene.2019.08.092
https://doi.org/10.1016/j.memsci.2019.117650
https://doi.org/10.1016/j.memsci.2019.117650
https://doi.org/10.1021/acs.macromol.0c00201
https://doi.org/10.1021/acs.macromol.0c00201


11  Degradation Mechanisms of Anion Exchange Membranes due to Alkali Hydrolysis280

 38 Zhang, Y., Chen, W., Li, T. et al. (2021). A rod‐coil grafts strategy for N‐spirocyclic 
functionalized anion exchange membranes with high fuel cell power density.  
J Power Sources 490: 229544. https://doi.org/10.1016/j.jpowsour.2021.229544.

 39 Klein, L.B., Morsing, T.J., Livingstone, R.A. et al. (2016). The effects of symmetry 
and rigidity on non‐adiabatic dynamics in tertiary amines: a time‐resolved 
photoelectron velocity‐map imaging study of the cage‐amine ABCO. Phys Chem 
Chem Phys 18: 9715. https://doi.org/10.1039/C5CP07910A.

 40 Li, W., Fang, J., Lv, M. et al. (2011). Novel anion exchange membranes based on 
polymerizable imidazolium salt for alkaline fuel cell applications. J Mater Chem 21: 
11340. https://doi.org/10.1039/C1JM11093D.

 41 Mondal, R., Pal, S., and Chatterjee, U. (2021). Alkylated imidazole moieties in a 
cross‐linked anion exchange membrane facilitate acid recovery with high purity. 
ACS Appl Polym Mater 3: 1544. https://doi.org/10.1021/acsapm.0c01383.

 42 Yang, Z., Guo, R., Malpass‐Evans, R. et al. (2016). Highly conductive anion‐
exchange membranes from microporous Tröger’s base polymers. Angew Chem Int 
Ed 55: 11499. https://doi.org/10.1002/anie.201605916.

 43 Xue, J., Zhang, J., Liu, X. et al. (2022). Toward alkaline‐stable anion exchange 
membranes in fuel cells: cycloaliphatic quaternary ammonium‐based anion 
conductors. Electrochem Energy Rev 5: 348. https://doi.org/10.1007/
s41918- 021- 00105- 7.

 44 Mahmoud, A.M.A., Yoshimura, K., and Maekawa, Y. (2021). Alkaline fuel cells 
consisting of imidazolium‐based graft‐type anion exchange membranes: 
optimization of fuel cell conditions to achieve high performance and durability.  
J Membr Sci 620: 118844. https://doi.org/10.1016/j.memsci.2020.118844.

 45 Ryu, J., Seo, J.Y., Choi, B.N. et al. (2019). Quaternized chitosan‐based anion 
exchange membrane for alkaline direct methanol fuel cells. J Ind Eng Chem 73: 254. 
https://doi.org/10.1016/j.jiec.2019.01.033.

 46 Sun, Z., Pan, J., Guo, J., and Yan, F. (2018). The alkaline stability of anion exchange 
membrane for fuel cell applications: the effects of alkaline media. Adv Sci 5: 
1800065. https://doi.org/10.1002/advs.201800065.

 47 Fan, J., Willdorf‐Cohen, S., Schibli, E.M. et al. (2019). Poly(bis‐arylimidazoliums) 
possessing high hydroxide ion exchange capacity and high alkaline stability. Nat 
Commun 10: 2306. https://doi.org/10.1038/s41467- 019- 10292- z.

 48 Hugar, K.M., Kostalik, H.A.I.V., and Coates, G.W. (2015). Imidazolium cations with 
exceptional alkaline stability: a systematic study of structure–stability relationships. 
J Am Chem Soc 137: 8730. https://doi.org/10.1021/jacs.5b02879.

 49 Tham, D.D. and Kim, D. (2019). C2 and N3 substituted imidazolium functionalized 
poly(arylene ether ketone) anion exchange membrane for water electrolysis with 
improved chemical stability. J Membr Sci 581: 139. https://doi.org/10.1016/ 
j.memsci.2019.03.060.

 50 You, W., Padgett, E., MacMillan, S.N. et al. (2019). Highly conductive and 
chemically stable alkaline anion exchange membranes via ROMP of trans‐
cyclooctene derivatives. Proc Natl Acad Sci 116: 9729. https://doi.org/10.1073/
pnas.1900988116.

https://doi.org/10.1016/j.jpowsour.2021.229544
https://doi.org/10.1039/C5CP07910A
https://doi.org/10.1039/C1JM11093D
https://doi.org/10.1021/acsapm.0c01383
https://doi.org/10.1002/anie.201605916
https://doi.org/10.1007/s41918-021-00105-7
https://doi.org/10.1007/s41918-021-00105-7
https://doi.org/10.1016/j.memsci.2020.118844
https://doi.org/10.1016/j.jiec.2019.01.033
https://doi.org/10.1002/advs.201800065
https://doi.org/10.1038/s41467-019-10292-z
https://doi.org/10.1021/jacs.5b02879
https://doi.org/10.1016/j.memsci.2019.03.060
https://doi.org/10.1016/j.memsci.2019.03.060
https://doi.org/10.1073/pnas.1900988116
https://doi.org/10.1073/pnas.1900988116


  References 281

 51 Zhu, T., Zhang, J., and Tang, C. (2020). Metallo‐polyelectrolytes: correlating 
macromolecular architectures with properties and applications. Trends Chem 2: 
227. https://doi.org/10.1016/j.trechm.2019.12.004.

 52 Zha, Y., Disabb‐Miller, M.L., Johnson, Z.D. et al. (2012). Metal‐cation‐based anion 
exchange membranes. J Am Chem Soc 134: 4493. https://doi.org/10.1021/ja211365r.

 53 Chen, N., Zhu, H., Chu, Y. et al. (2017). Cobaltocenium‐containing 
polybenzimidazole polymers for alkaline anion exchange membrane applications. 
Polym Chem 8: 1381. https://doi.org/10.1039/C6PY01936F.

 54 Gu, S., Wang, J., Kaspar, R.B. et al. (2015). Permethyl cobaltocenium (Cp*2Co+) as 
an ultra‐stable cation for polymer hydroxide‐exchange membranes. Sci Rep 5: 
11668. https://doi.org/10.1038/srep11668.

 55 Zhu, T., Xu, S., Rahman, A. et al. (2018). Cationic metallo‐polyelectrolytes for 
robust alkaline anion‐exchange membranes. Angew Chem Int Ed 57: 2388.  
https://doi.org/10.1002/anie.201712387.

 56 Zhu, T. and Tang, C. (2020). Crosslinked metallo‐polyelectrolytes with enhanced 
flexibility and dimensional stability for anion‐exchange membranes. Polym Chem 
11: 4542. https://doi.org/10.1039/D0PY00757A.

 57 Zhu, T., Sha, Y., Firouzjaie, H.A. et al. (2020). Rational synthesis of metallo‐cations 
toward redox‐ and alkaline‐stable metallo‐polyelectrolytes. J Am Chem Soc 142: 
1083. https://doi.org/10.1021/jacs.9b12051.

 58 Ge, X., He, Y., Guiver, M.D. et al. (2016). Alkaline anion‐exchange membranes 
containing mobile ion shuttles. Adv Mater 28: 3467. https://doi.org/10.1002/
adma.201506199.

 59 Yang, Q., Li, L., Gao, X.L. et al. (2019). Crown ether bridged anion exchange 
membranes with robust alkaline durability. J Membr Sci 578: 230. https://doi 
.org/10.1016/j.memsci.2019.02.038.

 60 Lin, C., Gao, Y., Li, N. et al. (2020). Quaternized Tröger’s base polymer with crown 
ether unit for alkaline stable anion exchange membranes. Electrochim Acta 354: 
136693. https://doi.org/10.1016/j.electacta.2020.136693.

 61 You, W., Hugar, K.M., Selhorst, R.C. et al. (2021). Degradation of organic cations under 
alkaline conditions. J Org Chem 86: 254. https://doi.org/10.1021/acs.joc.0c02051.

 62 Yassin, K., Rasin, I.G., Willdorf‐Cohen, S. et al. (2021). A surprising relation 
between operating temperature and stability of anion exchange membrane fuel 
cells. J Power Source Adv 11: 100066. https://doi.org/10.1016/j.powera.2021.100066.

 63 Sharma, J., Mishra, S., Rathod, N.H., and Kulshrestha, V. (2022). Investigation on 
flexible and thermally crosslinked bis‐piperidinium‐PPO anion exchange 
membrane (AEM) for electro‐kinetic desalination and acid recovery. J Membr Sci 
664: 121082. https://doi.org/10.1016/j.memsci.2022.121082.

 64 Berber, M.R. (2020). Molecular weight impact of poly(2,5‐benzimidazole) polymer 
on film conductivity, ion exchange capacity, acid retention capability, and oxidative 
stability. Front Energy Res 8: https://doi.org/10.3389/fenrg.2020.571651.

 65 Gottesfeld, S., Dekel, D.R., Page, M. et al. (2018). Anion exchange membrane fuel 
cells: current status and remaining challenges. J Power Sources 375: 170. https://doi 
.org/10.1016/j.jpowsour.2017.08.010.

https://doi.org/10.1016/j.trechm.2019.12.004
https://doi.org/10.1021/ja211365r
https://doi.org/10.1039/C6PY01936F
https://doi.org/10.1038/srep11668
https://doi.org/10.1002/anie.201712387
https://doi.org/10.1002/anie.201712387
https://doi.org/10.1039/D0PY00757A
https://doi.org/10.1021/jacs.9b12051
https://doi.org/10.1002/adma.201506199
https://doi.org/10.1002/adma.201506199
https://doi.org/10.1016/j.memsci.2019.02.038
https://doi.org/10.1016/j.memsci.2019.02.038
https://doi.org/10.1016/j.electacta.2020.136693
https://doi.org/10.1021/acs.joc.0c02051
https://doi.org/10.1016/j.powera.2021.100066
https://doi.org/10.1016/j.memsci.2022.121082
https://doi.org/10.3389/fenrg.2020.571651
https://doi.org/10.1016/j.jpowsour.2017.08.010
https://doi.org/10.1016/j.jpowsour.2017.08.010


11  Degradation Mechanisms of Anion Exchange Membranes due to Alkali Hydrolysis282

 66 Mohanty, A.D., Tignor, S.E., Krause, J.A. et al. (2016). Systematic alkaline stability 
study of polymer backbones for anion exchange membrane applications. 
Macromolecules 49: 3361. https://doi.org/10.1021/acs.macromol.5b02550.

 67 Taguet, A., Ameduri, B., and Boutevin, B. (2005). Crosslinking in Materials Science, 
127. Springer Berlin Heidelberg: Berlin, Heidelberg.

 68 Ahmed, M.M., Hrůza, J., Stuchlík, M. et al. (2021). Revisiting the polyvinylidene 
fluoride heterogeneous alkaline reaction mechanism in propan‐2‐ol: an additional 
hydrogenation step. Eur Polym J 156: 110605. https://doi.org/10.1016/j.eurpolymj 
.2021.110605.

 69 McHugh, P.J., Das, A.K., Wallace, A.G. et al. (2021). An investigation of a 
(vinylbenzyl) trimethylammonium and N‐vinylimidazole‐substituted 
poly(vinylidene fluoride‐co‐hexafluoropropylene) copolymer as an anion‐exchange 
membrane in a lignin‐oxidising electrolyser. In: Membranes, vol. 11 (ed. 
L. Dammak), 425–440, Membranes MDPI. https://doi.org/10.3390/membranes11060425.

 70 Sharma, J., Totee, C., Kulshrestha, V., and Ameduri, B. (2023). Spectroscopic 
evidence and mechanistic insights on dehydrofluorination of PVDF in alkaline 
medium. Eur Polym J 201: 112580. https://doi.org/10.1016/j.eurpolymj.2023.112580.

 71 Aili, D., Wright, A.G., Kraglund, M.R. et al. (2017). Towards a stable ion‐solvating 
polymer electrolyte for advanced alkaline water electrolysis. J Mater Chem A 5: 
5055. https://doi.org/10.1039/C6TA10680C.

 72 Serhiichuk, D., Patniboon, T., Xia, Y. et al. (2023). Insight into the alkaline stability 
of arylene‐linked bis‐benzimidazoles and polybenzimidazoles. ACS Appl Polym 
Mater 5: 803. https://doi.org/10.1021/acsapm.2c01769.

 73 Wu, Q.X., Pan, Z.F., and An, L. (2018). Recent advances in alkali‐doped 
polybenzimidazole membranes for fuel cell applications. Renew Sust Energ Rev 89: 
168. https://doi.org/10.1016/j.rser.2018.03.024.

 74 Xing, B. and Savadogo, O. (2000). Hydrogen/oxygen polymer electrolyte membrane 
fuel cells (PEMFCs) based on alkaline‐doped polybenzimidazole (PBI). Electrochem 
Commun 2: 697. https://doi.org/10.1016/S1388- 2481(00)00107- 7.

 75 Hou, H., Wang, S., Jiang, Q. et al. (2011). Durability study of KOH doped 
polybenzimidazole membrane for air‐breathing alkaline direct ethanol fuel cell.  
J Power Sources 196: 3244. https://doi.org/10.1016/j.jpowsour.2010.11.104.

 76 Sana, B., Das, A., and Jana, T. (2019). Polybenzimidazole as alkaline anion 
exchange membrane with twin hydroxide ion conducting sites. Polymer 172: 213. 
https://doi.org/10.1016/j.polymer.2019.03.078.

 77 Wang, Y., Qiao, X., Liu, M. et al. (2021). The effect of –NH− on quaternized 
polybenzimidazole anion exchange membranes for alkaline fuel cells. J Membr Sci 
626: 119178. https://doi.org/10.1016/j.memsci.2021.119178.

 78 Jheng, L.‐C., Hsu, S.L.‐C., Lin, B.‐Y., and Hsu, Y.‐L. (2014). Quaternized 
polybenzimidazoles with imidazolium cation moieties for anion exchange 
membrane fuel cells. J Membr Sci 460: 160. https://doi.org/10.1016/j.memsci 
.2014.02.043.

 79 Fan, J., Wright, A.G., Britton, B. et al. (2017). Cationic polyelectrolytes, stable  
in 10 M KOHaq at 100 °C. ACS Macro Lett 6: 1089. https://doi.org/10.1021/
acsmacrolett.7b00679.

https://doi.org/10.1021/acs.macromol.5b02550
https://doi.org/10.1016/j.eurpolymj.2021.110605
https://doi.org/10.1016/j.eurpolymj.2021.110605
https://doi.org/10.3390/membranes11060425
https://doi.org/10.1016/j.eurpolymj.2023.112580
https://doi.org/10.1039/C6TA10680C
https://doi.org/10.1021/acsapm.2c01769
https://doi.org/10.1016/j.rser.2018.03.024
https://doi.org/10.1016/S1388-2481(00)00107-7
https://doi.org/10.1016/j.jpowsour.2010.11.104
https://doi.org/10.1016/j.polymer.2019.03.078
https://doi.org/10.1016/j.memsci.2021.119178
https://doi.org/10.1016/j.memsci.2014.02.043
https://doi.org/10.1016/j.memsci.2014.02.043
https://doi.org/10.1021/acsmacrolett.7b00679
https://doi.org/10.1021/acsmacrolett.7b00679


  References 283

 80 Noh, S., Jeon, J.Y., Adhikari, S. et al. (2019). Molecular engineering of hydroxide 
conducting polymers for anion exchange membranes in electrochemical energy 
conversion technology. Acc Chem Res 52: 2745. https://doi.org/10.1021/acs 
.accounts.9b00355.

 81 Wang, J., Zhao, Y., Setzler, B.P. et al. (2019). Poly(aryl piperidinium) membranes 
and ionomers for hydroxide exchange membrane fuel cells. Nat Energy 4: 392. 
https://doi.org/10.1038/s41560- 019- 0372- 8.

 82 Tao, Z., Wang, C., Zhao, X. et al. (2021). Progress in high‐performance anion 
exchange membranes based on the design of stable cations for alkaline fuel cells. 
Adv Mater Technol 6: 2001220. https://doi.org/10.1002/admt.202001220.

 83 Zeng, L., He, Q., Liao, Y. et al. (2020). Anion exchange membrane based on 
interpenetrating polymer network with ultrahigh ion conductivity and excellent 
stability for alkaline fuel. Cell Res  https://doi.org/10.34133/2020/4794706.

 84 Shi, Y., Zhao, Z., Liu, W., and Zhang, C. (2020). Physically self‐cross‐linked sebs 
anion exchange membranes. Energy Fuel 34: 16746. https://doi.org/10.1021/acs 
.energyfuels.0c03017.

 85 Wang, L., Brink, J.J., Liu, Y. et al. (2017). Non‐fluorinated pre‐irradiation‐grafted 
(peroxidated) LDPE‐based anion‐exchange membranes with high performance and 
stability. Energy Environ Sci 10: 2154. https://doi.org/10.1039/C7EE02053H.

 86 Meek, K.M., Reed, C.M., Pivovar, B. et al. (2020). The alkali degradation of 
LDPE‐based radiation‐grafted anion‐exchange membranes studied using different 
ex situ methods. RSC Adv 10: 36467. https://doi.org/10.1039/D0RA06484J.

 87 Gao, X., Yu, H., Xie, F. et al. (2020). High performance cross‐linked anion exchange 
membrane based on aryl‐ether free polymer backbones for anion exchange 
membrane fuel cell application. Sustain Energy Fuel 4: 4057. https://doi.org/ 
10.1039/D0SE00502A.

 88 Lee, W.‐H., Park, E.J., Han, J. et al. (2017). Poly(terphenylene) anion exchange 
membranes: the effect of backbone structure on morphology and membrane 
property. ACS Macro Lett 6: 566. https://doi.org/10.1021/acsmacrolett.7b00148.

 89 Parrondo, J., Wang, Z., Jung, M.‐S.J., and Ramani, V. (2016). Reactive oxygen 
species accelerate degradation of anion exchange membranes based on 
polyphenylene oxide in alkaline environments. Phys Chem Chem Phys 18: 19705. 
https://doi.org/10.1039/C6CP01978A.

 90 Gubler, L., Dockheer, S.M., and Koppenol, W.H. (2011). Radical (HO•, H• and 
HOO•) formation and ionomer degradation in polymer electrolyte fuel cells.  
J Electrochem Soc 158: B755. https://doi.org/10.1149/1.3581040.

 91 Espiritu, R., Golding, B.T., Scott, K., and Mamlouk, M. (2017). Degradation of 
radiation grafted hydroxide anion exchange membrane immersed in neutral pH: 
removal of vinylbenzyl trimethylammonium hydroxide due to oxidation. J Mater 
Chem A 5: 1248. https://doi.org/10.1039/C6TA08232G.

 92 Maurya, S., Lee, A.S., Li, D. et al. (2019). On the origin of permanent performance 
loss of anion exchange membrane fuel cells: electrochemical oxidation of phenyl 
group. J Power Sources 436: 226866. https://doi.org/10.1016/j.jpowsour.2019.226866.

 93 Moreno‐González, M., Mardle, P., Zhu, S. et al. (2023). One year operation of an 
anion exchange membrane water electrolyzer utilizing Aemion+® membrane: 

https://doi.org/10.1021/acs.accounts.9b00355
https://doi.org/10.1021/acs.accounts.9b00355
https://doi.org/10.1038/s41560-019-0372-8
https://doi.org/10.1002/admt.202001220
https://doi.org/10.34133/2020/4794706
https://doi.org/10.1021/acs.energyfuels.0c03017
https://doi.org/10.1021/acs.energyfuels.0c03017
https://doi.org/10.1039/C7EE02053H
https://doi.org/10.1039/D0RA06484J
https://doi.org/10.1039/D0SE00502A
https://doi.org/10.1039/D0SE00502A
https://doi.org/10.1021/acsmacrolett.7b00148
https://doi.org/10.1039/C6CP01978A
https://doi.org/10.1149/1.3581040
https://doi.org/10.1039/C6TA08232G
https://doi.org/10.1016/j.jpowsour.2019.226866


11  Degradation Mechanisms of Anion Exchange Membranes due to Alkali Hydrolysis284

minimal degradation, low H2 crossover and high efficiency. J Power Source Adv 19: 
100109. https://doi.org/10.1016/j.powera.2023.100109.

 94 Pan, J., Chen, C., Zhuang, L., and Lu, J. (2012). Designing advanced alkaline 
polymer electrolytes for fuel cell applications. Acc Chem Res 45: 473. https://doi 
.org/10.1021/ar200201x.

 95 Cao, H., Pan, J., Zhu, H. et al. (2021). Interaction regulation between ionomer 
binder and catalyst: active triple‐phase boundary and high performance catalyst 
layer for anion exchange membrane fuel cells. Adv Sci 8: 2101744. https://doi 
.org/10.1002/advs.202101744.

 96 Xu, L., Wang, H., Min, L. et al. (2022). Anion exchange membranes based on 
poly(aryl piperidinium) containing both hydrophilic and hydrophobic side chains. 
Ind Eng Chem Res 61: 14232. https://doi.org/10.1021/acs.iecr.2c01722.

https://doi.org/10.1016/j.powera.2023.100109
https://doi.org/10.1021/ar200201x
https://doi.org/10.1021/ar200201x
https://doi.org/10.1002/advs.202101744
https://doi.org/10.1002/advs.202101744
https://doi.org/10.1021/acs.iecr.2c01722


Alkaline Anion Exchange Membranes for Fuel Cells: From Tailored Materials to Novel Applications, 
First Edition. Edited by Jince Thomas, Alex Schechter, Flavio Grynszpan, Bejoy Francis, 
and Sabu Thomas. 
© 2024 WILEY-VCH GmbH. Published 2024 by WILEY-VCH GmbH.

285

Minu Elizabeth Thomas

Mahatma Gandhi University, School of Polymer Science and Technology, Kottayam 686560, Kerala, India

12

Computational Approaches to Alkaline Anion 
Exchange Membranes

12.1  Introduction

Anion exchange membranes (AEMs) are specialized membranes that facilitate the 
transport of anions while hindering the movement of cations. These membranes 
find extensive application in devices that are employed in energy conversion and 
storage, such as batteries, fuel cells, and electrolyzers [1, 2]. The functional groups 
present in AEMs exhibit a positive charge, effectively promoting anion trans
port  [2–8]. The polymer’s backbone provides the necessary mechanical strength, 
which enables optimum ion conductivity, mechanical stability, and chemical stabil
ity. The performance of AEMs can be optimized by adjusting the degree of ion 
exchange, polymer morphology, and membrane thickness, which determine their 
overall efficiency.

Although AEMs show great promise for various applications, their commercial 
availability is currently limited due to several challenges. The prime challenge is the 
chemical stability of AEMs. The functional groups in AEMs can degrade over time, 
limiting their long‐term performance and durability. Additionally, they swell in water 
or at high humidity, which can cause dimensional changes and reduced mechanical 
integrity. The development and scale‐up manufacturing of AEMs with consistent 
quality and performance remain challenging. However, ongoing research efforts are 
underway to address these challenges and improve the stability, performance, and 
cost‐effectiveness of AEMs. Based on expert analysis, the phase segregation structure 
of Nafion, a commercial available proton exchange membrane (PEM), is responsible 
for its high ionic conductivity. Similarly, AEMs with a stiff hydrophobic backbone and 
flexible hydrophilic side groups show comparable conductivity due to their polymeric 
structure resembling that of Nafion. In addition to experimental research, many 
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scientific teams are utilizing theoretical and computational calculations to determine 
the relationship between the structure and property and the alkaline stability of cati
onic groups attached to the AEM synthesis polymeric backbone [1]. Furthermore, in 
silico methods offer transportation mechanisms and novel AEM designs. With 
advancements in materials science and engineering, it is expected that AEMs will 
become more readily available for commercial applications in the future. This chapter 
provides an overview of important factors that will impact the future design of new 
AEMs using in silico approaches. These factors will create AEMs with better perfor
mance characteristics like improved chemical stability and higher conductivity.

12.2  Why Computational Studies Are Important 
in Anion Exchange Membranes?

Computational analysis is essential in comprehending the fundamental mecha
nisms, refining the design, and anticipating the efficacy of AEM systems. This pro
cess provides researchers with valuable knowledge regarding ion transportation, 
membrane structure, water management, and material creation, ultimately creating 
more effective and long‐lasting AEMs for diverse electrochemical applications. 
Understanding the significance of computational analysis for AEM systems is cru
cial due to the following reasons:

 ● The Structure and Stability of AEM. Computational analysis allows for the precise 
characterization and prediction of the structure and stability of AEM materials. 
By thoroughly simulating the interactions between polymer chains, solvent mol
ecules, and ions, researchers can investigate the morphological changes, stability, 
and degradation mechanisms of AEMs as time progresses. This knowledge is cru
cial in designing AEMs with unparalleled durability and long‐term stability.

 ● Understanding Ion Transport Mechanisms. Through simulating ion behavior at 
the molecular level, computational models can offer valuable insights into pro
cesses like diffusion, migration, and adsorption. This understanding can aid in 
optimizing the design and performance of AEMs by identifying key factors that 
impact ion transport, like membrane structure, functional groups, and hydration 
effects. It also helps comprehend the degradation of the polymer and the strength 
of the interaction between the cation and polymer. This knowledge ultimately 
leads to the enhanced design of AEMs for electrochemical applications.

 ● Predicting Ion Selectivity and Conductivity. Researchers can use computational 
methods to predict and enhance the ion selectivity and conductivity of AEMs. 
Computational models offer valuable insights into membrane performance by 
calculating energy barriers for ion transport and analyzing factors such as mem
brane thickness, charge density, and ion hydration. Such insights can guide the 
design of AEMs with improved ion selectivity and high conductivity, ultimately 
resulting in greater device efficiency.

 ● Water Management. Managing membrane swelling and water is a crucial challenge 
in AEM systems. Computational models are utilized to simulate the behavior of 
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water molecules, quantify their interactions with the polymer matrix and ions, and 
optimize the polymer structure. This helps regulate water uptake and prevent exces
sive swelling, which can adversely affect membrane performance.

 ● Design of AEM Materials. Researchers can efficiently screen and design new AEM 
materials with desired properties by utilizing computational analysis. They can 
explore numerous chemical structures, functional groups, and polymer composi
tions using various computational tools. This virtual screening process allows them 
to identify the most promising candidates for experimental synthesis, ultimately 
accelerating the discovery of novel AEM materials with improved performance. 

Computational simulations offer numerous advantages to the scientific commu
nity. In the field of AEM, computational simulations have proven to be highly effec
tive in accelerating research and development progress. These in silico tools provide 
a quick and cost‐efficient approach to investigating diverse material compositions, 
design parameters, and operating conditions. This expedites discovery of new AEM 
materials with enhanced properties, such as conductivity, stability, and ion selectiv
ity. Additionally, computational simulations provide a deeper understanding of 
AEM systems’ underlying mechanisms and behavior. By revealing intricate 
 molecular‐level interactions, ion transport dynamics, and membrane structure–
property relationships, researchers can enhance the design and functionality of 
AEM materials. Such simulations assist in forecasting and analyzing multiple fac
tors, including membrane structure, charge density, and hydration effects, which 
guide the design process toward AEMs that offer better efficiency, durability, and 
selectivity. Using computational simulations also reduces the reliance on expensive 
and time‐consuming experimental trials, providing a cost‐effective way to explore 
numerous material compositions and operating conditions virtually. This saves 
time, resources, and materials, enabling researchers to explore wider possibilities. 
Moreover, computational simulations open new avenues for research and innova
tion in AEM by allowing researchers to examine and analyze various material com
positions, thereby discovering new materials with superior properties that may have 
been missed through traditional trial‐and‐error methods.

12.3  Tools of In Silico Approaches in Anion 
Exchange Membranes

Although many attempts have been made to create effective AEMs, their applica
tion in anion exchange membrane fuel cells (AEMFCs) has been hindered by low 
ionic conductivity and alkaline stability. Both experimental and theoretical studies 
have been conducted to address these issues. Computational tools and techniques, 
known as in silico approaches, are now essential in the study and design of AEMs. 
These methods allow researchers to investigate AEM structure, properties, and 
performance at various scales, from atomic and molecular levels to system‐level 
behavior. In silico approaches such as quantum mechanical calculations, molecu
lar dynamics (MD) simulations, continuum electrostatics models, Monte Carlo 
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simulations, kinetic models, and machine learning (ML) provide valuable insights 
into ion transport mechanisms, membrane structure, electrostatic behavior, kinet
ics, and material design. They are crucial in understanding fundamental processes, 
optimizing AEM performance, and developing advanced membranes for various 
electrochemical applications. These tools enable researchers to explore and ana
lyze AEM systems computationally, contributing significantly to the advancement 
and innovation of AEM technology. In some cases, computational studies have 
been utilized to complement experimental findings and make predictions before 
conducting experiments. In recent years, the use of computational techniques to 
model AEM and AEMFC components has increased significantly. These tech
niques are often described in terms of time and length scales, and various methods 
are available for modeling these materials. In this discussion, we will explore vari
ous important computational techniques that can be utilized to model the charac
teristics of AEM and AEMFC components.

12.3.1 Electronic Structure Methods in Anion Exchange Membranes

In AEM research, the electronic structure and properties of molecules and materials 
are calculated using quantum mechanical methods. Density functional theory 
(DFT) is a commonly used technique to analyze the energetics, electronic proper
ties, and charge distribution within AEM materials. By studying the interaction 
between ions, functional groups, and the polymer matrix, DFT can provide valuable 
insights into the ion selectivity, reactivity, and other important properties of AEMs. 
Many research groups use theoretical and computational calculations along with 
experimental studies to discover the relationship between the structure and proper
ties of cationic groups in AEM synthesis. They aim to determine the alkaline stabil
ity of these groups that are attached to the polymeric backbone. The most commonly 
used analyses for this purpose are the frontier molecular orbital (FMO) analysis, 
electrostatic potential (ESP), electronic density, and electronic charges, especially 
Mulliken charges on atoms and atomic groups. Researchers also make inferences on 
the energy barrier and free energy changes for forming cation‐OH− complexes to 
predict alkaline stability. Based on FMO analysis, cations with a higher energy value 
in their lowest unoccupied molecular orbital (LUMO) and a lower energy value in 
their highest occupied molecular orbital (HOMO) compared to OH− HOMO are less 
likely to be attacked by OH− ions. However, cations with a significant HOMO–
LUMO gap (HLG) energy are more stable. Cations with higher ESP values and 
 electron‐withdrawing groups with high negative charges (Mulliken charges) are 
more vulnerable to OH− attack. In addition, if the energy barrier (Ebarrier or ∆E) and 
the change in free energy (∆G) associated with the transition state (TS) for forming 
the cation–OH− complex are low, it indicates that the cations present in the alkaline 
solution are destabilizing. Therefore, based on quantum mechanical calculations, 
cations with high LUMO energy, a low ESP value, a low negative charge or charge 
density, and a high ∆E and ∆G are inferred to have strong alkaline stability. As a 
result, experimentalists have used these inferences to screen stable cations for AEM 
applications.
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12.3.1.1 Analysis on HOMO–LUMO Energies and Mulliken Charges
Through the application of electronic structure theory, especially the DFT analysis, 
one can evaluate various chemical properties such as the stability of cations, their 
resistance to alkaline environments, how they interact with polymers, the adsorp
tion and diffusion of OH− ions, their capacity for the OH− transport, and its suscep
tibility to nucleophilic attacks. By performing DFT calculations, we optimized the 
molecules and better understood the interactions between the LUMO and HOMO 
energies of the cations and OH− ions. Based on existing research, when the HOMO 
energies of OH− ions are lower than the LUMO energies of cations, it can impede 
nucleophilic attacks from OH− ions. Qiao et  al. observed the LUMO energies of 
poly(N‐spirocyclic QA) to be in the following order: P‐ASN (−1.881 eV) > BP‐ASN 
(−2.087 eV) > N‐ASU (−2.656 eV) > BN‐ASU (−2.691 eV). The LUMO energies are 
higher than the HOMO energies of the OH− ion, indicating alkaline stability in  
the same order. 1H NMR (nuclear magnetic resonance) has confirmed this stability 
(see Case Study 12.1) [9]. 

Case Study 12.1. Alkaline Stability Prediction of AEM Using LUMO Energies 
of Cation

Qiao et al. have created a variety of tetrakis(bromomethyl) monomers with vary-
ing molecular weights and chemical structures to produce poly(N-spirocyclic 
QA) ionenes with adjustable ion exchange capacity (IEC) values. These ionenes 
will also include 5-/6- and 6-/6-membered rings N-spirocyclic quaternary 
ammonium (QA) (Figure 12.1). The molecular orbital (MO) energy levels of spi-
rocyclic QA molecules were determined through DFT calculations using the 
GGA-BLYP method and DNP basis set. A Dmol [3] density functional code was 
used, as implemented in Materials Studio. These calculations were carried out 
under neutral conditions and in the presence of water as a solvent.

The order of LUMO energies for poly(N-spirocyclic QA) in aqueous solution is 
as follows: P-ASN (−1.881 eV), BP-ASN (−2.087 eV), N-ASU (−2.656 eV), and 
BN-ASU (−2.691 eV) (shown in Figure  12.2). The LUMO energy level of 
N-spirocyclic QA cations has been found to be higher than the –3.074 eV energy 
level of OH− ion in water. Attacks by OH− ion from an alkaline medium on cati-
ons in AEM will result in decreased stability. Quantum mechanical calculations 
have explained this as the flow of electrons from the HOMO of OH− ion to the 
LUMO of cations. The energy barrier between the HOMO of OH− and the LUMO 
of the cation determines the alkaline stability. If this energy barrier is very high, 
the electron is restricted from flowing to the cation from the OH− ion, resulting 
in stable cations. In this case, the stability of the cation is in the same order as 
the increase in the LUMO energies.

The alkaline stability of cations is tested by treating them with a solution of 
1 M NaOD/D2O/CD3OD at 120 °C. The 1H NMR is aided to study how the reaction 
time affected the stability (Figure 12.3). It was found that the benzylic position 

(Continued)
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signals disappeared due to H–D exchange, but P-ASN remained stable for 
1800 h without any structural degradation under these conditions, indicating its 
excellent alkaline stability. However, after exposure to 1 M NaOD solution, a new 
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Figure 12.1 Chemical structure of N-spirocyclic QA under study.
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Figure 12.2 LUMO of N-spirocyclic QA cations. Source: Reprinted with 
permission from Qiao et al. [9]. Copyright 2021 Elsevier.

Case Study 12.1 (Continued)
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Ma et al. studied the variation in the LUMO energies of OH− in various positions 
of N,N,N,N‐tetramethyl‐1,6‐hexanediamine functionalized cyclodextrin (TMCD). 
They found that the LUMO energies of TMCD are much higher than those of single 
cation‐based AEMs like [GIm]+ and [BMI]+  [10]. Thus, the presence of multi or 
dense cations will enhance the alkaline stability than that of single cations. Based 
on the FMO studies in ionic liquids (ILs), the LUMO energy level of IL‐B (−1.74 eV) 
is higher than that of IL‐M (−1.83 eV) [11]. This indicates that the alkaline stability 
of IL‐B is significantly more robust.

In addition, the stability of side chain AEMs can be predicted by computational 
studies, considering factors such as substitution, substitution positions, and spacer 
length of the cations. Experiments have confirmed these predictions. The presence 

peak around 1 ppm appeared for BP-ASN, which could be attributed to a product 
resulting from the ring-opening of spirocyclic ionenes. The lower electron-cloud 
density of spirocyclic QA groups in the biphenyl structure led to lower alkaline 
stability due to the electron-withdrawing effect of phenyl groups. Therefore, 
unsurprisingly, the N-ASU and BN-ASU showed poor alkaline strength even 
after a short treatment time of ~100 h due to the strong electron-withdrawing 
ability of naphthalene and bi-naphthalene groups. Therefore, the alkaline sta-
bility order of the spirocyclic QA cations obtained from DFT analysis aligns with 
the 1H NMR spectra.

BN-ASUN-ASU

9 8 7 6 5 4 3 2 1 ppm 9 8 7 6 5 4 3 2 1 ppm

9 8 7 6 5 4 3 2 1 ppm 9 8 7 6 5 4 3 2 1 ppm

144 h

0 h 0 h

72 h

1800 h

0 h 0 h

144 h

BP-ASNP-ASN

Figure 12.3 1H NMR of N-spirocyclic QA cations after alkali treatment. Source: 
Reproduce with permission from Qiao et al. [9].
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of resonance effect on cations leads to variations in LUMO energies. Cations with 
hydroxyl substitutions, bulky groups, longer spacers, and cross‐linking tend to have 
higher LUMO energies than simple cations  [12–15]. However, some exceptional 
cases are observed in the alkaline stability of cations with low LUMO energies [16]. 
The LUMO energy of cations attached to β‐cyclodextrin (β‐CD) is higher than that 
attached to 1‐bromohexyl‐N‐methylpiperidinium ionic liquid (bpIL), suggesting  
that the side chain of cations affects alkaline stability [17]. Furthermore, by LUMO 
energy analysis, cations grafted on a spacer group are less vulnerable to OH− attack 
than cations without spacer groups  [18]. Zhang et  al. investigated the effect of 
 electron‐donating groups on the LUMO energy level. They found that the order of 
the groups in terms of their impact on the LUMO energy level is electron‐ 
donating > non‐substituted > electron‐withdrawing group. The electronic effect is 
also a factor in these results, with Mulliken charges of 0.083 a.u for electron‐  
donating C–NH2 and −0.065 a.u for electron‐withdrawing C=O, indicating that cati
ons with lower negative charges are less susceptible to OH− attack (Figure 12.4) [19].

It is clear from the literature that regardless of the type of the cation, the LUMO 
energy level is a valuable tool for measuring alkaline stability, and experimental 
results support these findings. However, Wang et al. found that QA side chains with 
low LUMO energy have high alkaline stability, despite LUMO energies being used 
to predict cation alkaline stability [20].

12.3.1.2 Analysis on ESP
The ESP plots are another essential tool for predicting the nucleophilic attack inten
sity and the attacking sites. Hence, scientists incorporate the ESP results to predict the 
alkaline stability of cations tethered in the polymer chain. The electron donating link
age group (C–NH2) attached to the ether‐connected carbon reduces the molecule’s 
electrophilicity and results in a lower ESP value than cations with electron‐ 
withdrawing groups (C=O) [19]. As a result, C=O link free cations with alkyl spacers 
have a lower ESP value and are more resistant to alkaline attack [15]. Pan et al. investi
gat ed the ESP value of various C2 substitutions on imidazolium cations, as well as the 
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Figure 12.4 Mulliken charges and LUMO energies of QA cations. Source: Reprinted with 
permission from Zhang et al. [19]. Copyright 2021 ACS.



12.3  Tools of In Silico Approaches in Anion Exchange Membranes 293

increasing order of ESP values: [DHIm]+ (0.218 eV) > [DHMIm]+ (0.186 eV) > [DHTMIm]+  
(0.179 eV) > [DHPDMIm]+ (0.164 eV) > [DHTPIm]+ (0.059 eV) indicates that [DHIm]+  
is very aggressive to OH− attack, and thus the size of substitution affects alkaline 
stability (see Case Study 12.2) [21]. 

Case Study 12.2. Nucleophilic Attack Determination Using ESP Analysis 
of Cations

In most commercial AEM materials, the presence of C=O groups promotes aryl-
ether cleavage and degradation of benzylic QA groups. However, a new approach 
has been proposed by Zhang et al. that involves converting these C=O groups to 
electron-donating C–NH2 linkages in traditional poly(arylene ether ketone)s. 
This is achieved through reductive amination via the Leuckart reaction. The DFT 
analysis was performed using Gaussian 16 software with the ωB97XD/6-311G 
(2d, 2p) level of theory and polarizable continuum model (PCM) for solvation. In 
this work, the quantum mechanical tools like Mulliken charges (Figure 12.4), 
LUMO energies (Figure  12.4), ESP (Figure  12.5), and free energy analysis of 
nucleophilic attack (Figure 12.7) are used to predict the alkaline stability. In 
addition to analyzing alkaline stability, they also investigated the interaction 
between cations and the polymeric chain (Figure 12.6). In this case study, the 
analysis of the ESP plot predicting alkaline stability is discussed.

In Figure 12.5, the compound QA-O- (middle) is shown to have an electron 
density aryl ether carbons are 55.65 and 59.50 kcal mol−1 and for QA-O-CO (right) 
64.98 and 63.02 kcal mol−1. The benzylic carbon has electron density of 0.041 and 
0.064 kcal mol−1. However, the compound QA-O-NH2 (left) has a lower electron 
density on the carbon atom connected to the ether (40.92 and 50.49 kcal mol−1) 
and the benzylic carbon (0.023 kcal mol−1). This indicates that the linkage 
between C and NH2 can significantly increase the electron density of the ether-
connected carbon atom and decrease the electrophilicity of the benzylic carbon. 
As a result, the compound is more stable in alkaline conditions. 

ESP (kcal mol–1)
Aryl-ether Cleft= 40.92
Aryl-ether Cright= 50.49

Mulliken charge
Benzylic C=0.023

ESP (kcal mol–1)
Aryl-ether Cleft= 55.65
Aryl-ether Cright= 59.50

Mulliken charge
Benzylic C=0.041

ESP (kcal mol–1)
Aryl-ether Cleft= 64.98
Aryl-ether Cright= 63.02

Mulliken charge
Benzylic C=0.064

C-NH2

QA QA QA

C=0

Figure 12.5 ESP plots of QA cations. Source: Reprinted with permission from Zhang 
et al. [19]. Copyright 2021 ACS.
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12.3.1.3 Analysis on Chemical Structure and Bonding Nature
The stability and ionic conductivity of AEMFCs rely heavily on the stability of 
AEMs. Understanding the bonding interaction between the cation and the poly
meric matrix is essential to overcome stability issues. However, experimental stud
ies cannot provide direct evidence for this interaction to an extent. Quantum 
chemistry has solved this problem by providing evidence to help understand this 
interaction. In their study, Zuo et al. described the interactions and bonding param
eters between the cations and polymer. They suggested that these interactions could 
be manipulated to enhance the durability of AEMs in highly alkaline environ
ments [22]. Their research showed that the stability of AEMs is influenced by the 
structure and morphology of the polymer backbone where cations are attached [20]. 
In addition to the bonding interaction between the polymeric backbone and the 
cationic group, the bonding analysis also helps predict the distribution of the water 
molecules in the membrane so as to pin sites for water and hydroxide transport. The 
DFT analysis was performed using Gaussian 16 software with the ωB97XD/6‐311G 
(2d, 2p) level of theory and PCM for solvation. The non‐covalent interactions (inde
pendent gradient model, IGM method) were analyzed by Multiwfn software, and 
the images were created by VMD software. In Figure 12.6, between the repeating 
units QA‐PE‐NH2, there is a strong peak (0.044 a.u.) in the interfragment interac
tions (δginter) with a sign(λ2)ρ of roughly –0.029 a.u.
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Figure 12.6 Noncovalent interaction isosurface and scatter plot of δginter versus sign(λ2)ρ 
of QA cations. Source: Reproduce with permission from Zhang et al. [19]/American Chemical 
Society.
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However, no δginter peak can be found between the repeating units QA‐PE‐CO in 
the blue region. It is suggested that the C–NH2 linkages are highly polar and form 
hydrogen bond networks, leading to increased intermolecular interaction while still 
maintaining its dynamic nature. This creates sites for long‐range water and hydrox
ide ion transport.

The quantum mechanical calculations analyze the contribution of orbitals in the 
bond formation of metal‐based cations. The [Cu6(Pz)6] trimer dimmer has a note
worthy HOMO level that displays significant Cu 3d–Cu 3d antibonding within and 
between trimers. This occurs within the quadrangle structure of Cu1 and Cu2 atoms 
in the [Cu6(Pz)6] cluster [23]. On the other hand, the Cu 4s and Cu 4p orbitals of the 
Cu1–Cu2 quadrangle, along with a small amount of N 3s from the coordinated pyra
zolate groups, contribute to the LUMO level. Attractive dispersive forces in the FMO 
populations due to intertrimer cuprophilic interactions suggest that these forces are 
more powerful than the Pauli repulsion between d10 and d10 or even d10s2 and d10s2 
closed shells. The ΔE for the intertrimer cuprophilic interactions is +4.66 kcal mol−1. 

12.3.1.4 Analysis on Degradation Pathways
DFT studies can be used to analyze the degradation pathways of AEMs, in addition 
to their structural features [12, 24–27]. The DFT method was used by Long et al. to 
examine how ammonium cations with varying carbon chain lengths degrade [24]. 
The QA groups are bound to the polymer backbone through a C―C or C―O bond. 
When the alkyl groups are short (n = 3), the C―C bond between the QA groups and 
polymer backbone is more tolerant to alkalinity than the C―O bond. However, if 
the flexible spacer is extended beyond n = 4, the alkaline stability of AEMs with a 
C―O bond can be improved significantly and is similar to that of the membrane 
with the C―C bond. When the alkyl groups connecting the backbone and QA 
groups are long enough (n > 4), the C―C or C―O group far from the QA groups has 
little effect. It was found that when the carbon chain of alkyl trimethylammonium 
cations is extended from n = 2 to n = 4, the ammonium is susceptible to Hofmann 
elimination. However, it becomes stable when extended to n = 6, consistent with 
Lin et al.’s findings [25]. Therefore, increasing the length of the flexible spacer to 
more than n = 4 between the backbone and QA groups can significantly improve 
cation stability. Additionally, the ∆G for both the β‐elimination and SN

2 pathways 
increases as the –CH2‐spacer length increases [15]. Under alkaline conditions, the 
imidazolium cation degrades through a three‐step mechanism: a nucleophilic reac
tion, a ring‐opening reaction, and a rearrangement reaction. This degradation pro
cess was studied by DFT analysis. Due to the hyper‐conjugation of the methyl group 
at the α‐carbon and the imidazole ring, as well as steric effects, substituted imidazo
lium cations exhibit more excellent alkaline stability compared to unsubstituted 
imidazolium cations, as demonstrated by their respective LUMO energies. The acti
vation energies (Ea) for ring‐opening and nucleophilic attack of TMIM were 107.6 
and 57.1 kJ mol−1, respectively, with a methyl substituent. The level of stability is 
decided by the high activation energy. When the activation energy decreases, the 
cation becomes more susceptible to nucleophilic attack, which results in its rapid 
degradation [12]. Chempath et al. discovered that tetramethylammonium (TMA) 
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degrades in alkaline conditions through two distinct mechanisms using DFT anal
ysis. Two different reactions are taking place. The first one involves a hydroxide ion 
attacking the methyl groups in an SN

2 mechanism, which results in the formation 
of methanol. The second reaction consists of a proton taken from a methyl group, 
forming an ylide called trimethylammonium methylide and a water molecule. It 
has been observed that the ylide pathway and the SN

2 pathway share the same TS 
structure, resulting in the same overall barrier [26]. In an alkaline environment, 
spirocyclic QA (5‐azoniaspiro[4.5]decane ([ASD]+) is more stable than benzyltri
methylammonium [BTMA]+ cations according to Gu et al.’s DFT analysis of degra
dation kinetics [28]. The Case Study 12.3 will demonstrate the degradation analysis 
of cations in AEM using DFT analysis. 

Case Study 12.3. Degradation Study of QA Cation

Zhang et al. have proposed a new approach that suggests converting the C=O 
groups to electron-donating C–NH2 linkages in traditional poly(arylene ether 
ketone)s. The study also analyzed nucleophilic attack in different positions of 
the three cations  [19]. The thermochemical analysis was performed using 
Gaussian 16 software with the ωB97XD/6-311G (2d, 2p) level of theory and PCM 
for solvation. The free energy (∆G) of the reaction during the nucleophilic attack 
by OH− on three positions (Figure 12.7) was calculated.

The cations QA-O-NH2 have free energy values 143.85, 131.09,  and 99.26 kJ mol−1 
at positions 1, 2, and 3, respectively, during nucleophilic attack. Similarly, the cati-
ons QA-O- have free energy values 113.53, 90.23, and 93.73 kJ mol−1 at positions 
1, 2, and 3, respectively, and QA-O-CO have free energy values 60.61, 82.97, and 
68.85 kJ mol−1 at positions 1, 2, and 3, respectively, during the nucleophilic attack. 
From the free energy analysis, the cation with high ∆G is less susceptible to nucle-
ophilic attack; hence, cation QA-O-NH2 is more stable out of the three cations.
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Figure 12.7 Free energy for degradation of QA cations. Source: Reprinted with 
permission from Zhang et al. [19]. Copyright 2021 ACS.

In addition to the structural and alkaline stability, as well as degradation mecha
nisms, DFT studies are utilized to predict key AEM performance properties. The 
DFT method was also used to evaluate the ion transport and water mobility by cal
culating the binding energy (BE) of fluro‐polyolefin with QA‐based AEMs. The 
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results showed that the BE of the fluro‐polyolefin model to OH− was 10.6 kJ mol−1, 
while the BE of the non‐fluro‐polyolefin model to OH− was 25.1 kJ mol−1 [29]. Similarly, 
the BE of the fluro‐polyolefin model to H2O was 1.9 kJ mol−1, whereas that of the non‐
fluro‐polyolefin model to H2O was 5.8 kJ mol−1. The higher BE for the fluro‐polyolefin 
model to both OH− and H2O indicates easy ion transfer and increases water mobility 
for the fluro‐polyolefin model, which is essential for AEMFC performance.

Adsorption energies obtained from DFT calculations have been used to explain 
catalyst deterioration. Pan et al. calculated the adsorption energy between Pt cata
lyst (Pt(111)) and imidazolium functional cations using the CASTEP program mod
ule [21]. The adsorption energy between imidazolium functional cations and Pt(111) 
follows a specific order, with [DHPDMIm]+ (−7.46 eV) having the lowest adsorption 
energy and [DHTMIm]+ (−8.59 eV) having the highest adsorption energy. It is con
cluded that fuel cell performance increases as adsorption energy decreases.

Similarly, the behavior of cation–hydroxide–water and phenyl groups of polymer 
electrolytes adsorbed on Pd‐ and Pt‐based catalysts was studied by Maurya et al. using 
DFT analysis [30]. DFT calculations were conducted utilizing the Vienna ab initio 
simulation package (VASP), with the Perdew–Wang (PW91) exchange‐correlation 
functional and projector augmented‐wave pseudopotentials. In studying the cation 
adsorption on different surfaces, they have found that the energy required for adsorp
tion on Pd(111) is –0.16 eV. In comparison, Pd(111) with 0.33 ML hydrogen coverage 
has a higher energy requirement of +0.1 eV. Pt(111) has a free energy of −0.63 eV.

Interestingly, the addition of hydrogen to Pd causes a shift in the adsorption pro
cess from exothermic (negative value) to endothermic (positive value), indicating 
that hydrogen absorption can prevent cation adsorption on Pd. This is significant for 
Pd‐based catalysts with strong hydrogen absorption properties, as they may inhibit 
the co‐adsorption of cation–hydroxide–water, hindering the hydrogen oxidation pro
cess in AEMFCs. Also, the adsorption of the phenyl group exhibits comparable 
results. Thus, this study demonstrates that Pd‐based catalysts are more susceptible to 
phenyl group adsorption and hydrogenation than Pt. However, incorporating an 
ionomer with low phenyl group adsorption energy can mitigate these adverse effects. 

12.3.2 Molecular Dynamics in Anion Exchange Membranes

Although MD calculations may not be as precise as DFT calculations in determin
ing the specific properties of a system, they can still provide valuable information 
regarding how a system changes over time, temperature, and pressure. Several 
research groups utilized a combination of MD simulations and quantum mechani
cal calculations to elucidate the relationships between the structure and properties 
of materials [31–36]. In the AEMFCs, MD simulations are highly effective in ana
lyzing factors such as water content [36], ion exchange [35], alkaline stability [32], 
and OH− transport [31, 37]. The proposed theoretical models align well with experi
mental and DFT results. Also, MD calculations are more cost‐effective than DFT 
calculations, rendering them more appropriate for examining larger systems.

Despite of a suggested correlation between water content and ionic conductivity, 
AEM experimental studies univocally did not provide any insight into water’s 
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influence on ion diffusion and OH− transport through the membrane (see in Case 
Study 12.4). However, MD simulations offer valuable insights into the transport 
mechanism of hydroxide ions. In alkaline media, the mobility of both H+ and OH− 
ions is high, with research proposing their similar mobilities via the Grotthuss 
mechanism, Vehicle mechanism, etc. In hydrated membranes, both ab initio molec
ular dynamics (AIMD) and classical MD reveal the occurrence of two mechanisms, 
with the Grotthuss mechanism being the primary process. Chen et al. proposed that 
OH− conduction can be significantly enhanced by using multi‐ion nanochannels 
assembled with a 2D covalent organic framework sheet embedded into a 1D comb‐
shaped poly (2,6‐dimethyl‐1,4‐phenylene oxide) (im@PI‐2 PPO). This was observed 
through MD analysis using the COMPASS force field. The ordered pores of 
i midazolium‐based ILs polymerized to form a continuous long‐range ionic channel, 
resulting in a significant improvement in OH− conductivity as compared to imida
zole poly(2,6‐dimethyl‐1,4‐phenylene oxide) (imPPO) [38]. Takaba et al. conducted 
an MD simulation using Forcite in Materials Studio 6.1, supplied by BIOVIA, Inc., 
to study OH− transport in poly(arylene ether sulfone ketone)s containing quater
nized ammonio‐substituted fluorenyl AEM. The consistent valence force field 
(CVFF) was used for all calculations. The findings indicate that hydroxide ions 
move by creating H3O2

− through the hydrogen network in water molecules. The 
H3O2

− then splits into H2O and OH−, leading to an exchange of protons between a 
hydroxide ion and a water molecule. This proton transfer mechanism is similar to 
that observed in PEM. It was observed that increasing the number of QPE units did 
not significantly affect the conductivity of OH− ions, which is consistent with exper
imental observations [39]. Three AEMs made of poly(phenylene oxide) (PPO) were 
studied by Zhang and Van Duin using ReaxFF reactive MD simulations. The mem
branes tested were PPO–trimethylamine (PPO–TMA), PPO–dimethylbutylamine 
(PPO–DMBA), and PPO–dimethyloctylamine (PPO–DMOA). The simulations were 
performed using the computational chemistry package ADF‐2012. The findings 
showed that as the membranes became more hydrated, they swelled and formed 
channels, improving OH− ion diffusion. The study on OH− diffusion shows that the 
PPO–TMA hydrated membrane has the highest diffusion rate at a high hydration 
level. However, when comparing the structural and dynamic properties of the three 
membranes at the same hydration level, it was found that replacing one methyl 
group of the QA center with a long alkyl chain group can result in hydrophobic 
effects, which can block OH− from approaching nitrogen. This leads to a lower rate 
of degradation and improved alkaline stability of the PPO–DMOA hydrated 
membrane [40]. 

Case Study 12.4. Investigation of the Transport Mechanisms of Hydroxide in 
Hydrated AEMs

Dong et al. conducted a study investigating hydroxide ion solvation complexes 
and diffusion mechanisms in model AEMs with low hydration levels [41]. They 
employed a combination of reactive and non-reactive polarizable MD simula-
tions to explore the transport mechanisms of hydroxide ions within AEMs 
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composed of poly(p-phenylene oxide) functionalized with QA cationic groups 
M1 and M2 (as depicted in Figure 12.8a). The study involved joint MD simula-
tions utilizing both the reactive ReaxFF and the non-reactive atomistic polariz-
able potential for liquids, electrolytes, and polymers (APPLE&P) force fields for 
two representative AEMs based on PPO. The research focused on calculating the 
diffusion coefficients of OH− (DOH−) and H2O (DH2O) within these AEMs. In the 
ReaxFF simulations, the calculated DOH− values for M1 and M2 were 0.236 and 
0.162 Å2/ps, respectively, while in the APPLE&P simulations, they were signifi-
cantly lower at 0.0020 and 0.00079 Å2/ps for M1 and M2, respectively. For DH2O, 
the ReaxFF simulations yielded values of 0.040 and 0.033 Å2/ps for M1 and M2, 
respectively, whereas the APPLE&P simulations provided values of 0.0083 and 
0.00420 Å2/ps for M1 and M2, respectively.

Remarkably, in the APPLE&P simulations, the DOH− diffusion coefficient was 
much lower than the DH2O coefficient, with a ratio of 4–5, suggesting a strong 
dampening effect on hydroxide ion mobility. In contrast, in the ReaxFF simula-
tions, there was an inverse trend, with the diffusivity of H2O being only approxi-
mately 20% of that of OH−. This indicated a significant enhancement of OH−  
dynamics when the Grotthuss mechanism was introduced. Notably, when the 
Grotthuss mechanism was turned off in the ReaxFF simulations (M1 = 0.031, 
M2 = 0.068), the diffusion coefficient ratio aligned with the non-reactive simu-
lation predictions. These differences in diffusion coefficient ratios provided 
clear evidence that the Grotthuss hopping mechanism played a defining role in 
hydroxide transport within the investigated membranes. To gain further insights 
into the Grotthuss mechanism’s role in hydroxide transport, the study examined 
changes in the hydroxide ion’s environment as it moved through water chan-
nels. In simulations using the non-reactive APPLE&P model, it was observed 
that transporting OH− through bottlenecks in water channels required a partial 
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Figure 12.8 (a) Structure of two AEMs with PPO-polymers embedded with two 
different quaternary ammonium cations. (b) A hydrated membrane snapshot is 
illustrated by isosurfaces corresponding to 50% bulk water density. Source: Reprinted 
with permission from Dong et al. [41]. Copyright 2018 ACS.

(Continued)
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Chen et  al. used MD simulation to investigate the interaction energy between 
TQCX and the PSF‐ImCl polymer in their study. The total interaction energy (∆E) 
consists of two components: a more significant negative electronic energy (∆Eelec) 
and a smaller negative van der Waals energy (∆Evdw). The ∆Eelec is mainly contrib
uted by the upper rim QA with Im+ in the polymer matrix via an anion‐bridged 
configuration. In contrast, the lower rim octyl side chain with the polymer back
bone contributes to the ∆Evdw. The study found that the interaction between the 
upper rim QA and Im+ in the polymer matrix is vital for stability due to the signifi
cantly high contribution of ∆Eelec with a negative magnitude [42].

Coarse‐grained molecular dynamics (CGMD): CGMD modeling is a technique 
that simplifies complex systems by using a simulated representation. The number 
of interaction sites is reduced, which results in fewer degrees of freedom in the 
system. Compared to the fully atomistic model, this reduction leads to a less com
putationally expensive model. Lu et al. developed a high‐resolution CGMD model 
for PPO‐based AEMFC, which considers explicit water models with Martini 
FF [43]. Their study of the effect of water content and ionomer architecture on the 
nanostructure and ion conductivity of the AEM implies that the ion conductivity 
of the AEM is highly dependent on the water content but less sensitive to changes 
in the architecture of the polymer matrix of the AEM via CGMD [44]. A study was 
conducted to analyze AEMs based on PPO, poly(ether ketone) (PEEK), and 
 polystyrenebpoly(ethylenecobutylene)bpolystyrene (SEBS) at a coarse‐grained 
scale [45–47].

12.3.3 Continuum Modeling and Simulation in Anion 
Exchange Membranes

The scientific field of continuum mechanics delves into the behavior of materials 
treated as a continuous mass, as opposed to individual particles. Although matter 
comprises atoms and is not truly continuous, representing objects as a continuum is 
a highly precise approach for length scales greatly exceeding inter‐atomic distance. 
Under the leadership of Machado, the research team conducted an array of studies 
focused on advancing the understanding of AEMFCs at the continuum level [48–50]. 
These investigations encompassed several key areas: First, the team delved into the 
influence of various process parameters, including flow direction, temperature, and 
relative humidity, on AEMFC performance. Second, they embarked on a compre
hensive exploration of an agglomerate model, conducting a parametric study using 

disruption of the anion’s immediate hydration shell, constituting the rate- 
determining step defining hydroxide ion mobility. Therefore, comparing ReaxFF 
and APPLE&P models for OH− transport through the same bottlenecks provided 
straightforward evidence for the Grotthuss mechanism’s facilitation of diffusion 
through AEMs.

Case Study 12.4 (Continued)
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air at the cathode. Third, the team engaged in entropy generation analysis, utilizing 
a three‐dimensional agglomerate model to gain insights into the system’s thermody
namic behavior. Fourth, they conducted an examination of the agglomeration 
model for 3D AEMFCs, employing a finite‐volume modeling approach to enhance 
understanding. These rigorous investigations yielded several noteworthy conclu
sions that the team observed that enhancing AEMFC performance could be achieved 
by reducing the relative humidity on the cathode side while simultaneously increas
ing the membrane’s water content, platinum loading, and ionomer volume fraction. 
Their analysis pinpointed reversible and irreversible heat as the primary sources of 
entropy production across all the parameters examined, shedding light on the ther
modynamic aspects of AEMFC operation. Importantly, the team noted that the 
macro‐homogeneous model tended to overestimate cell performance when com
pared to the agglomerate model. This discrepancy could be attributed to the resist
ances associated with species and ionic transports within the catalyst layer (CL). In 
essence, Machado’s research team conducted a comprehensive suite of studies to 
deepen our understanding of AEMFCs, leading to valuable insights that can inform 
the optimization of these promising energy conversion devices using continuum 
modeling and simulation.

12.3.4 Monte Carlo Simulations in Anion Exchange Membranes

Kim et al. conducted a comprehensive investigation that combined 2D lattice Monte 
Carlo simulations (2D‐LMC) with DFT analysis [51]. Their study focused on design
ing cross‐linked polymer membranes by examining a series of pyrazolium cross‐
linked poly(triptycene ether sulfone)s. These membranes were explicitly engineered 
to feature ionic highways formed by charge‐delocalized pyrazolium cations and 
homoconjugated triptycenes. The 2D‐LMC model was utilized to construct model 
systems of ionic networks. The model simulated ionic conductivity in channels with 
varying percentages of cross‐linking (m). The conducting channels were systemati
cally arranged or randomly aligned in two distinct systems, with m values modified 
to 75, 40, and 10% in each system (Figure 12.9). The Arrhenius equation was used to 
determine the probability of hydroxide transport between cross‐linked and non‐
cross‐linked sites. The ordered system had higher conductivity with 10% cross‐ 
linking than the random system with 75% cross‐linking. Also, the 2D‐LMC model’s 
predicted conductivities match experimental measurements.

12.3.5 Machine Learning in Anion Exchange Membranes

In recent times, there has been a surge in research efforts to explore the develop
ment and deployment of ML models in molecular design and enhance the perfor
mance of AEMs. ML is essential in AEM research to speed up material discovery, 
predict properties, optimize composition, ensure durability, and enhance process 
control. It helps decrease development time and costs and facilitates data‐driven 
decision‐making, ultimately promoting the advancement of AEM‐based energy 
conversion and storage technologies.
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Zhai et al. have developed a deep learning model that accurately predicts hydrox
ide ion (OH−) conductivity in AEMs made of poly(2,6‐dimethyl phenylene oxide) 
and specific cationic groups [52]. The model has achieved 99.7% accuracy in classi
fying cationic groups and can predict OH− conductivity within a reasonable error 
range of ±0.016 S cm−1 for QA, ±0.014 S cm−1 for saturated heterocyclic ammonium, 
and ±0.07 S cm−1 for imidazolium cations. This protocol provides a valuable tool for 
designing AEMs with predictable OH− conductivity, which could potentially facili
tate the development of new and improved AEMs.

In a study by Zou et  al., the chemical stability of AEMs was evaluated using 
Hammett substituent constants and a decision tree classification method based on 
materials genomics  [53]. The team tested various ML algorithms and found that 
artificial neural networks (ANNs) had the highest accuracy (R2 = 0.9978) in predict
ing the stability of the AEM. The study highlights the potential of data‐driven mod
els in predicting the alkaline stability of the AEM, which can help reduce the need 
for unnecessary experiments in the development of alkaline membrane fuel cells. 
The approach was supported by computational analysis and long‐term experiments. 
The same research team has recently introduced a new method known as virtual 
module compound enumeration screening (V‐MCES) that can explore a vast chemi
cal space of over 4.2 × 105 candidates [54]. This eliminates the need for expensive 
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Figure 12.9 2D-LMC results of a study on a polymer network with different cross-linker 
placement: (a) Anion hopping probability distribution map is shown for a polymer network 
constructed with orderly placed cross-linkers, with an m value of 75%. (b, c) Calculated 
OH− diffusivity and conductivity of the polymer network at different m values and 
temperatures of orderly placed cross-linkers, respectively. (d) The anion hopping probability 
distribution map is shown for a polymer network constructed with randomly placed 
cross-linkers, with an m value of 10%. (e, f) Calculated OH− diffusivity and conductivity of 
the polymer network at different m values and temperatures of randomly placed cross-
linkers, respectively. Source: Reproduce with permission from Kim et al. [51]/American 
Chemical Society.
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training databases. The V‐MCES model’s performance was enhanced by supervised 
learning, which enabled the selection of molecular descriptors. V‐MCES generated 
a list of high‐stability AEMs with tremendous potential by connecting AEM molec
ular structures to predicted chemical stability. This approach helped the research 
team synthesize highly stable AEMs, which is a significant achievement in AEM 
science. The structural and performance insights gained from ML will enable 
advanced architectural design in the future. 

12.4  Challenges and Outlook

The field of computational studies in AEM research presents several challenges to 
researchers. However, despite these obstacles, the prospects for this study area 
appear promising. After the analysis above, we will further examine the obstacles 
hindering computational studies’ development in AEM research. Furthermore, this 
section investigates potential paths that may lead to progress in this area.

 ● Challenges

 1. Computational models of AEM systems can be difficult to create due to their 
inherent complexity. These systems entail a combination of various components, 
including polymers, solvents, ions, and interfaces. Capturing the complete intri
cacy of these systems can be a challenge.

 2. Precise parameterization of force fields, solvation models, and other factors is 
crucial in the case of computational modeling. However, obtaining accurate and 
dependable parameters for AEM materials can be difficult due to the limited 
availability of experimental data.

 3. Performing simulations on real‐world AEM systems that span long timescales 
and large‐length scales can be challenging regarding computational require
ments. There is still a challenge in bridging the gap between atomistic simula
tions and the behavior of macroscopic systems.

 4. Valuing computational studies with experimental data is essential to ensure their 
accuracy and reliability. However, obtaining experimental data for AEM systems 
can be challenging, especially for properties that are difficult to measure or transient.

 ● Outlook

 1. To advance computational studies in AEM research, it is imperative to develop 
multiscale modeling approaches. Combining atomistic, mesoscale, and contin
uum models provides a comprehensive understanding of AEM behavior across 
various lengths and timescales. Integrating different modeling approaches ena
bles accurate prediction of AEM properties and performance, ultimately leading 
to significant strides in the field.

 2. The combination of computational simulations and advanced experimental 
techniques, including in situ characterization methods and spectroscopic anal
ysis, would be the key to increasing the accuracy and dependability of compu
tational models. When we integrate these approaches, we can achieve a more 
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comprehensive understanding of AEM systems, which will help us develop 
next‐generation AEM materials with even greater success.

 3. Utilizing ML techniques is a powerful way to accelerate AEM research. By ana
lyzing massive amounts of data, recognizing patterns, and predicting outcomes, 
data‐driven approaches can help tackle parameterization, property prediction, 
and material design challenges. Tailoring ML algorithms specifically for AEM 
systems can significantly enhance the precision and efficiency of computational 
studies.

The study of AEMs is a challenging task that involves complex computational 
research. These challenges include parameterization, limitations in timescale, and 
validation. Despite these obstacles, there is hope for the future, thanks to the pro
gress made in simulation methods and experiment integration. Furthermore, the 
ability to create custom materials is expected to contribute to a better understanding 
of AEM systems, speed up material discovery, and develop more efficient and long‐
lasting AEMs for various electrochemical applications.

12.5  Conclusion

Computational simulations are necessary for understanding AEM mechanisms, 
properties, and performance. By studying ion transport mechanisms within AEMs, 
researchers gain insights into interactions between ions, solvent molecules, and 
the polymer matrix. Simulations also aid in studying membrane structure and sta
bility, developing AEMs with enhanced durability and longevity, optimizing water 
regulation, and screening novel materials. This knowledge is crucial for optimiz
ing AEM performance, enhancing durability, and developing more effective and 
long‐lasting membranes for various electrochemical applications. Computational 
simulations offer a cost‐effective approach to exploring new materials and can 
accelerate research and development, optimize design and performance, and 
deepen our understanding of AEM systems. However, these simulations face chal
lenges related to the complexity of AEM systems, parameterization of models, 
limitations in timescales and length scales, and the need for validation against 
experimental data.

Despite these challenges, the future of computational studies in AEM research is 
promising, with advancements in multi‐scale modeling, ML techniques, simulation 
methods, integration with experimental techniques, and the design of tailor‐made 
materials expected. These developments will further enhance our understanding of 
AEM systems, accelerate material discovery, and contribute to designing more effi
cient and durable AEMs for various electrochemical applications. Ultimately, com
putational simulations will continue to play a vital role in advancing AEM research 
and its practical applications.
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13.1  Introduction

Anion exchange membrane fuel cells (AEMFCs) avoid the drawbacks of carbonate 
crystallization and the cumbersome equipment in traditional alkaline fuel cells. 
Meanwhile, compared to proton exchange membrane fuel cells, the electrode reac-
tion rate is faster in alkaline environments, allowing the use of low platinum con-
tent or non-platinum catalysts, which can greatly reduce costs. These advantages 
promote the rapid development of AEMFCs. The anion exchange membrane (AEM) 
is the core component of AEMFCs, which plays the role of transferring OH− ions 
and separating the cathode and anode. Therefore, its performance has a significant 
impact on the performance and service life of AEMFCs [1, 2]. A desirable AEM is 
expected to have high conductivity, high ion exchange capacity (IEC), high dimen-
sional stability, as well as high thermal, chemical, and mechanical properties. 
Tokuyama soda company (Japan) first launched an AEM product in the word 
(A201); subsequently, some other commercial AEMs such as Fumasep® FAA3 
(Fumatech, Germany), AEMION™ (Ionomr, Canada), SUSTAINION® (Dioxide 
Materials, USA), Xergy® (AEM-Pention, USA), and Alkymer® (China) have been 
developed in succession. However, due to cumbersome preparation processes, the 
need for special reagents, and so on, most commercial AEMs are expensive and 
limited in production, which limits the large-scale commercial deployment of 
related applications. Therefore, it is crucial to develop AEMs with simpler and 
cheaper preparation processes.
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Non-commercial AEMs were originally prepared by modifying the aryl ether pol-
ymers. Unfortunately, aryl ether cleavage reactions happening in aryl ether poly-
mers (poly(ether–ether ketone) [PEEK], poly(phenylene oxide) [PPO], polysulfone, 
etc.) and degradation in cationic functional groups through Hoffmann degradation 
or nucleophilic attack will greatly reduce the usability of the AEMs. In addition, due 
to the much lower mobility of OH− compared to H+, the conductivity of AEMs is 
generally much lower than that of proton exchange membranes (PEMs). In order to 
develop AEMs with excellent comprehensive properties, researchers have devel-
oped various strategies to improve the properties of AEMs, including (i) the regula-
tion of microphase morphologies, (ii) constructing free volume, (iii) the introduction 
of cross-linking structures, (iv) other physical methods, such as organic–inorganic 
hybrid, and electrospinning, and (v) the development of novel cationic functional 
groups and aryl ether-free main chains with high stability.

We first surveyed the existing commercial alkaline AEMs and summarized their 
parameters and properties. Then, the non-commercial AEMs were inspected and 
analyzed, and the development ideas and methods of AEMs were complied with 
and outlined.

13.1.1 Characteristics and Existing Problems of Commercial 
Alkaline Anion Exchange Membranes

13.1.1.1 Fumatech: Fumasep
This AEM can be obtained through Fumatech and distributors and is available in 
multiple thicknesses as non-supported or PP- or PEEK-reinforced AEM. The 
Fumasep is made of a polyaromatic polymer containing ether bonds as the main 
chain, attached by quaternary ammonium (QA) groups. Its original generation 
product AEM (2011) is not cross-linked, while the latest batches of the AEM is 
mildly cross-linked. FAA-3 as a sort of Fumatech AEM possesses low dimen-
sional swelling, low resistance area, and high selectivity. The research results of 
several groups indicate that it has an IEC of 2 mmol g−1, and it has a 64% water 
uptake (WU), 15% dimensional expansion, as well as 30 mS cm−1 conductivity at 
25 °C. However, due to the poor thermal stability of the backbone and poor deg-
radation stability of the QA cation under alkaline conditions, their application in 
AEMFCs is limited [3, 4].

13.1.1.2 Tokuyama: A201
Tokuyama’s AEM can be only obtained through Tokuyama, and the purchase 
needed signing a confidentiality agreement. The structure of Tokuyama A201 has 
not been disclosed, except that it involves hydrocarbon-based polymers with QA 
cations. In the past years, researchers have conducted many in situ tests to study the 
durability, drag coefficient, and CO2 tolerance of the A201 AEM. For example, water 
adsorption isotherms of A201 AEM were tested at 50 or 80 °C in equal water vapor. 
The results exhibited that dimensional expansion of A201 AEM are 9% and 12% for 
50 and 80 °C, separately. In addition, the percolation threshold was 0.34 of hydro-
philic volume fraction, indicating that A201 AEM has a randomly dispersed cubic 
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hydrophilic structure domain. The ion conductivity of A201 AEM is only 32.8 mS cm−1 
at 23 °C, which may result in low fuel cell performance and thus limit its application 
in fuel cells [5, 6].

13.1.1.3 Ionomr: AEMION
Ionomr currently provides four AEMs of varying thickness (25 or 50 μm) and IEC 
(1.4–1.7 or 2.1–2.5 meq g−1). AEMION membranes are prepared by the Holdcroft 
group and consist of methylated polybenzimidazoles (PBIs) (Figure  13.1). In the 
fully hydrated condition, the Cl− form HMT-PMBI AEMs exhibit excellent mechan-
ical robustness, with a 33 MPa tensile strength and 225 MPa Young’s modulus, 
respectively, which are obviously higher than those of Nafion 212 (6.5 and 90.4 MPa). 
The OH− form AEM shows excellent ex situ chemical and mechanical durability; 
meanwhile, the mechanical strength did not show significant changes after expo-
sure to 1 M NaOH at 80 °C and 6 M NaOH at 25 °C for 168 h. When exposed to  
2 M NaOH at 80 °C for 168 h, only 6% chemical decomposition was observed. In 
AEMION membranes, the attack of OH− is hindered by the methyl parts in both 
ortho-positions, and the alkali stability can be further improved by increasing the 
electron density at C2. However, the low OH− conductivity of 10 mS cm−1 at RT is 
probably caused by the poor microphase separation, making it not the best candi-
date for fuel cells [7].

13.1.1.4 Dioxide Materials: Sustainion
The Sustainion AEMs can be obtained from Dioxide Materials. This AEMs were 
developed by Masel’s group, and it consists of the classic poly(4-vinyl benzyl chloride- 
co-styrene) polymers (Figure 13.2). For polystyrene-based materials, the materials are 
brittle and have cracks under dry conditions. So, Dioxide Materials prepared Sustainion 
AEMs with a water-soluble plasticizer as a 
“classic Sustainion.” In order to work at 
higher pressures, Dioxide Materials also 
provides the AEM containing a polytetra-
fluoroethylene (PTFE)-reinforced and 
strengthened with zirconium oxide nano-
particles. Sustainion® 37 AEMs have shown 
excellent stability in water and carbon diox-
ide (CO2) electrolyzers. The Sustainion 
AEMs can keep 1 A cm−2 at 1.9 V and 60 °C 
for 200 h at 1 M KOH feeding containing 
less than 5 mV voltage change in water elec-
trolyzer. The CO2 electrolyzers can function 
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Figure 13.1 Chemical structure of AEMION AEMs [7].

N
N

OH–

n m

+

Figure 13.2 Chemical structure of 
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under 3 V at 200 mA cm−2 containing a voltage increase between 4 and 6 μV h−1 in 
3700 h. For AEMFCs, the maximum power density can reach 0.44 W cm−2 with a back 
pressure of 1 atm at 60 °C. However, the low mechanical performance may be a poten-
tial factor limiting the application of Sustainion AEMs [8].

13.1.1.5 Orion Polymer: Orion TM1
Orion Polymer’s TM1 is a non-reinforced AEMs with an IEC value of 2.19 meq g−1, 
and thicknesses ranging from 5 to 50 μm (Figure 13.3). TM1 AEMs are developed by 
Bae’s group. Aromatic ether groups which are considered to be the main cause of 
degradation of other commercial AEMs were removed from the backbone in this 
membrane. The connection between the rigid aromatic backbones and the substi-
tuted methylene parts enhances the flexibility of the polymers, improves its solubil-
ity, and enables good treatment of the AEMs. The TM1 AEM showed appropriate 
water adsorption and swelling (WU is 70% and swelling ratio [SR] is 23% at 80 °C), 
and it exhibited high conductivity (112 mS cm−1 at 80 °C). The membrane electrode 
assembly (MEA) applying TM1 showed a current density of 400 mA cm−2 at 2.4 V in 
alkaline membrane water electrolysis. Researchers from the National Renewable 
Energy Laboratory recently measured the alkali stability of over 50 AEMs from at 
least 10 organizations, with the Orion TM1 AEM exhibiting the best alkali resist-
ance stability, that did not display signs of degradation after being immersed in 1 M 
KOH at 80 °C for 1000 h. The synthesis of these AEMs seems to be simple and easy 
to scale up. However, 7-bromo-trifluorheptanone is relatively expensive. In addi-
tion, under the conditions of an alkaline membrane water electrolyzer, the TM1 
AEM showed low mechanical stability [9, 10].

13.1.1.6 Xergy: Xion-Dappion, Xion-Durion, Xion-Pention
Xergy company has developed three types of AEMs: Xion-Dappion, Xion-Durion, 
and Xion-Pention. The ionomer structural formula is shown in Figure 13.4. Based 
on the developed ionomer, the Xergy company not only produces homogeneous 
membranes, but also adds a reinforcing layer into the AEMs through the composite 
process. Compared with homogeneous membranes, the mechanical properties of 
composite membranes are greatly improved due to the existence of the reinforcing 
layer. In this way, the composite membrane can be made thinner and have higher 
ionic conductivity without sacrificing mechanical strength. Among them, the Xion-
Dappion AEM with trimethylammonium groups on a poly(phenylene) backbone 
shows Cl− conductivity of 17.4 mS cm−1 with the IEC of 1.74 mmol g−1 [12]. Xion-
Pention composite AEMs are composed of a resin polynorbornene, the reinforcing 
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Figure 13.3 The chemical constitution of the Orion TM1 [9].
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layer integrated with the membrane structure to increase mechanical strength. The 
enhancement of mechanical properties can make the composite membrane thinner 
than the independent membrane, provide low area-specific resistance (0.020–0.056 Ω-
cm2), high IEC (3.4–3.6 mmol g−1), and high strength (66.8–553 MPa). These special 
AEMs, depending on their thickness and cross-linking degree, have been shown to 
be up to 9 A cm−2 in the fuel cell’s current density (or greater than 3 W cm−2 power 
density), with stability over long periods (>500 h) with no change in resistance [13]. 
The structure of the Xion-Durion composite AEM contains a polyphenylene main 
chain with a QA functional group. The Xion-Durion membrane can operate for 
more than 1000 h soaked in 1 M KOH at temperatures up to 80 °C. After 1000 h of 
operation at high temperatures, the degradation rate of loss of conductivity and IEC 
are less than 0.5%. However, the high cost of materials and the cumbersome prepa-
ration process have resulted in a high price for this series of membranes, limiting 
their large-scale application and deployment [11].

13.1.1.7 Versogen: PiperION
Versogen has developed the PiperION AEM. The PiperION AEM consists of a high-
molecular-weight, hydrophobic, rigid as well as aryl ether-bond-free backbone and with 
alkaline-stable piperidinium groups, as shown in Figure 13.5. The partial substitution of 
piperidone with 2,2,2-trifluoro acetophenone monomer can increase the molecular 
weight of the polymer while maintaining high alkaline stability. Generally, the mechan-
ical toughness of the polymer allows it to be prepared into ultra-thin AEMs (down  
to 15 μm). In addition, the resulting AEM simultaneously shows good anti-swelling sta-
bility (<20% at 95 °C), high OH− conductivity (193 mS cm−1 at 95 °C), and excellent 
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Figure 13.4 The chemical constitution of (a) Xion-Dappion, (b) Xion-Durion, and  
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Figure 13.5 The chemical constitution of the PiperION TP-85 AEM [14].
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mechanical properties (67 MPa stress and 117% strain at break). A fuel cell based on 
poly(arylpiperidinium) (PAP) and air (CO2-free) feeding can achieve a high peak 
power density of 920 mW cm−2. However, its fuel cell has poor durability, with a 
voltage decline approximately 11.5% after discharging for 250 h under a 500 mA cm−2 
density at 95 °C [14, 15].

13.1.1.8 Membranes International Inc.: AMI-7001
The AMI-7001 AEM is a copolymer consist-
ing of vinyl benzyl chloride and styrene 
which was functionalized with trimethyl 
amine and then cross-linked with divinylb-
enzene (Figure  13.6). Heterogeneous AMI- 
7001 membranes have a backing material to 
provide greater mechanical strength. A bio-
electrochemical reactor based on AMI-7001 
AEMs for silver recovery and power generation has achieved good performance, 
high coulombic efficiency (2.86%), and silver removal (91.28%), although diffusion 
of Ag+ ions appeared. Under an initial Ag+ concentration of 2000 mg l−1, the maxi-
mum power density of 3385 mW m−2 was obtained in an AMI-based reactor [16, 17]. 
The poor alkali resistance of the trimethylamine (TMA) functional group results in 
overall poor alkali resistance of this membrane.

13.1.1.9 Asahi Glass: Selemion AMV
AMV is got by the blending method from polyvinyl chloride with a copolymer syn-
thesized from divinylbenzene, styrene, and chloromethyl styrene. AMV is mainly 
applied for seawater desalination, water purification, separation of different ions, 
and so on. Using the Selemion AMV AEM resulted in high efficiency of bromate 
removal (94%). And, the Selemion AMV AEM enabled the bicarbonate flows from 
60 to 87% and sulfates (93% of removal) [18]. However, the Selemion AMV AEM 
exhibited low conductivities of 2 mS cm−1 at 25 °C, which makes it unsuitable for 
application in fuel cells [19].

The comparison of conductivity and mechanical properties of the commercial 
AEMs is shown in Figure 13.7. It can be seen that commercial AEMs are unable to 
combine excellent conductivity and mechanical properties at the same time. In addi-
tion, to facilitate readers to choose commercial AEMs, we list the applications of 
these AEMs (Table 13.1). In general, most commercial alkaline membrane prepara-
tions require cumbersome synthesis processes, expensive catalysts, and environmen-
tally unfriendly reagents. In addition, the high price further limits their application 
in fuel cells. Therefore, a better AEM design is needed to get rid of these issues.

13.1.2 Characteristics and Existing Problems of Non-Commercial 
Alkaline Anion Exchange Membrane

The characteristics of polymer backbones and the concentration of the cationic 
groups intimately influence the performance of AEMs. Among them, thermal and 
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Figure 13.6 The chemical structure of 
AMI-7001 [16].
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mechanical stability is determined by parameters of the polymer backbones, while 
IEC and ionic conductivity are dominated by parameters related to the cationic 
groups. Furthermore, the alkali resistance stability of AEMs is related to both the 
polymer backbones and the cationic groups.

High ionic conductivity is necessary for high current density, and the conductivity 
of the AEMs is determined by the concentration and mobility of OH− along with 
membrane transport properties. The conductivity of the hydroxide ion is 2–8 times 
lower than that of the proton ion, while the WU of AEMs and PEMs at a specific 
IEC is similar; this leads to the conductivity of AEMs being much lower than that of 
PEMs under the same IEC [20]. There are some reasons for the lower OH− conduc-
tivity in AEMs: (i) The lower mobility of OH− compared to H+. It is reported that the 
diffusion coefficient of OH− (5.3 × 10−9  m2  s−1) is much lower than that of H+ 
(9.3 × 10−9 m2 s−1). (ii) The lower levels of dissociation of the ammonium hydroxide 
groups than those of the sulfonic acid groups. This is because the pKb of the ammo-
nium hydroxide is 4.8 and the pKa of the sulfonic acid group is −2.8. (iii) The insuf-
ficient solvation energy of OH−. The OH− in AEMs needs a higher water content 
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Figure 13.7 The comparison of conductivity and mechanical properties of the 
commercial AEMs.

Table 13.1 The applications of commercial AEMs.

AEMs Applications

Fumasep Desalination, base/acid recovery

A201 Fuel cell

AEMION Fuel cell

Sustainion Water and carbon dioxide electrolyzer, fuel cell

Orion TM1 Water electrolysis, fuel cell

Xion Fuel cell

PiperION Water electrolysis, fuel cell

AMI-7001 Silver recovery, fuel cell

Selemion AMV Desalination, acid recovery
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than that of H+ in PEMs to format a sub-phase of solvated ions, enabling ionic per-
colation. (iv) The structure morphology of AEMs is worse than that of PEMs. PEMs 
exhibit more interconnected hydrophilic ionic channels and better-defined phases 
compared with AEMs at some given water content and IEC. (v) When in contact 
with air or CO2, AEMs may undergo partial carbonation, consequently greatly 
reducing conductivity. This is because the conductivity of carbonate anions is four 
times lower than that of OH− [21].

Stability is another vital index for AEMs, which determines long-term operation 
in the electrochemical device. The degradation of AEMs is divided into cationic 
group degradation and polymer main chain degradation. For the degradation of 
cationic groups, there is sufficient evidence that benzyl-linked cations are particu-
larly sensitive to nucleophilic attack [22]. The commonly benzyl trimethylammo-
nium groups are primarily degraded via direct nucleophilic substitution (SN2). 
Under this degradation mechanism, hydroxide ions majorly attack the benzylic car-
bon to form a tertiary amine and an alcohol byproduct or alternatively attack the 
α-carbon to generate a benzylamine and an alcohol byproduct. When β-hydrogens 
are present, the QA cations can be cleaved through Hoffmann elimination (E2 elim-
ination) as well as produces both an amine and olefin (Figure 13.8) [23].

In addition to the cationic groups, the alkaline stability of the polymer backbone 
is important for AEMs. It should be mentioned that polyvinylidene fluoride (PVDF) 
and VDF-based copolymers degrade easily and rapidly in base solutions via dehy-
drofluorination reaction, which leads to internal carbon–carbon double bonds [24]. 
The defluorinated product containing C═C bonds continues to be attacked by OH−, 
producing hydroxyl and carbonyl groups in the chains, further resulting in chain 
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scission. Meanwhile, commonly used poly(arylene ether) backbones (such as PPO, 
poly(arylene ether ketone)s [PAEKs], partially fluorinated poly(arylene ether)s, and 
poly(arylene ether sulfone)s [PAEs]) with cations placed at the benzyl positions are 
prone to hydroxide attack (Figure 13.9) [25]. Further, deuterium exchange experi-
ments combined with density functional theory (DFT) calculations show that (i) 
aryl-ether cleavage of the polymer backbone occurs faster when the QA group is 
located closer to the C―O bonds; (ii) the electron-withdrawing parts (such as per-
fluoro groups, ketone, and sulfone linkages) present in the polymer backbones can 
accelerate the aryl-ether cleavage; (iii) electron-withdrawing parts connecting to the 
aromatic rings of polymer backbones exhibit more influence on aryl-ether degrada-
tion compared to QA groups [26].

13.1.3 Strategies to Improve the Properties of AEMs

In order to improve the OH− conductivity and stability of AEMs, researchers have 
made a lot of efforts, including regulating the microphase morphologies, construct-
ing free volume, introducing the cross-linking structures, and other physical meth-
ods as well as applying novel cationic functional groups and aryl ether-free polymer 
main chains. Herein, we sort out the progress of each strategy.

13.1.3.1 The Regulation of Microphase Morphologies

13.1.3.1.1 Side Chain Type The introduction of flexible side chains creates a 
distance between the ionic groups and the main chains, which is the cause of the 
aggregation of hydrophobic main chains to form a hydrophobic phase. When the 
ionic group is far from the main chain, the ability of OH− around the ionic group to 
attack the polymer main chain is weakened, and the alkali resistance can be enhanced 
to a certain extent. Jannasch and coworker  [27] developed side chain-type AEMs 
with alkyl groups at different positions. As shown in Figure 13.10, the C-series AEM 
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has the highest conductivity due to the long side chain improving the mobility of 
functional groups. The steric protection effect of the D-series AEM is enhanced so as 
to improve the alkali stability of the AEMs. After soaking in 1 M NaOH at 80 °C for 
200 h, the AEMs with the spacer chain showed more than 85% conductivity retention, 
while the conductivity retention of the A-series membrane was only about 15%. To 
investigate the effects of side-chain polarity and position on AEM performance, He 
and coworkers  [28] designed a series of AEMs containing an alkyl extender/
additional side-chain, alkoxy extender/additional side-chain, as well as a side-chain-
free structure. The results showed that the additional side-chain along with the 
alkoxy chain could enhance micro-phase separation, WU, and OH− conductivity of 
AEMs. In addition, the alkoxy-containing AEM had excellent fuel cell performance 
(404 mW cm−2 for MImPSf-AO) and longer durability (2.3 h for MImPSf-AO at 
100 mA cm−2) due to its excellent hydrogen bond network and the high stability of 
alkoxyl groups (Figure 13.11).

13.1.3.1.2 Block Polymer
Block AEMs are composed of high-molecular weight polymers with different poly-
mer segment structural units, generally two or three blocks in different combinations. 
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The hydrophilic segments contain multiple cationic groups to transport OH−. The 
hydrophobic segment ensures the mechanical properties of the AEMs. Watanabe 
and coworkers [29] prepared and studied fluorene-based polyethersulfone contain-
ing hydrophilic and hydrophobic segments with different lengths (Figure 13.12). The 
optimized AEM obtained an excellent conductivity (144 mS cm−1 at 80 °C), and the 
fuel cell power density obtained reached 297 mW cm−2.

13.1.3.1.3 Locally Dense Type
Locally dense type AEMs can help ionic functional groups achieve better self- 
aggregation behavior in the case of similar or lower IEC. He et al. [30] developed a 
novel polymer structure, which was characterized by grafting three ion strings onto 
a benzene ring, as shown in Figure 13.13. The regular ion conduction channel was 
observed using atomic force microscopy, and a high Br− conductivity of 50.6 mS cm−2 
was obtained at 80 °C. Liu and coworkers [31] synthesized ether-free fluoropolymer 
AEMs containing a long and flexible multi-piperidine side chains, as shown in 
Figure 13.14. The prepared AEMs showed obvious microphase separation, which 
resulted in high OH− conductivity (156.4 mS cm−1) with a low SR (12.9%) at 
80 °C. The AEMs also exhibited excellent alkaline stability, with only a 6.8% decrease 
in OH− conductivity retained after immersion in 2 M NaOH at 80 °C for 1080 h.
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13.1.3.2 Constructing Free Volumes
Increasing the inherent free volumes in the membranes can also improve the OH− 
conductivity of AEMs. The free volumes reduce the transmission resistance of OH− 
and promote the conduction of OH−. More importantly, larger free volumes can 
provide more water storage space and improve the ability of AEMs to absorb water 
molecules without excessive expansion of the membranes. Yang et al.[32] first reported 
an AEM based on a microporous polymer containing V-type rigid Tröger base unit 
(Figure 13.15). The preparation method of the membrane was simple – it can be pre-
pared in only two steps, and the prepared AEM can achieve a high OH− conductivity 
(164.4 mS cm−1, 80 °C) at a relatively low IEC (0.82 mmol g−1). Liu and coworkers [33] 
introduced the twisted binaphthyl into the backbones to restrain the chain packing 
meanwhile enlarging the free volume, which can construct a well-developed ion 
transport channel (Figure  13.16). The poly(binaphthyl piperidinium)-based mem-
brane exhibited a high OH− conductivity (135.25 mS cm−1) at 80 °C. Furthermore, the 
conductivity of the AEM only decreased by 10% conductivity retention after being 
treated in 2 M NaOH at 80 °C for 1080 h. Meanwhile, the fuel cell possessed a high 
peak power density (1.16 W cm−2).
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13.1.3.3 The Introduction of Cross-linking Structures
Although regulating the microphase morphologies, constructing free volume can sig-
nificantly improve the conductivity of the AEMs. However, the alkali stability of these 
AEMs is insufficient to meet the requirements of practical applications. So, it is neces-
sary to develop an improving alkali resistance stability strategy, and the introduction 
of the cross-linking structure is an effective strategy to improve stability.

The cross-linking strategy can be classified into chemical and physical cross- 
linking based on their cross-linking mechanism. Chemical cross-linking includes 
the following: covalent cross-linking  [34], ultraviolet (UV) irradiation-induced 
cross-linking [35], and thermally cross-linking [36]. Physical cross-linking includes 
ionic cross-linking  [37] and metal cation cross-linking  [38]. However, the com-
monly used cross-linking methods usually compromise the conductivity because of 
the smaller free volume and lower WU in cross-linked AEMs. Therefore, ridding the 
conductivity–stability dilemma is still a significant challenge. It is crucial to balance 
conductivity and mechanical properties.

 (1) Cross-linking based on two functional components. There are reasons to con-
sider that preparing an AEM with two components (the mechanical-supporting 
component cross-linked with the hydroxide-conducting function component, 
respectively) can better conquer the conductivity and stability balance. Lu 
et  al.  [39] prepared a novel cross-linked AEMs with PBI as the mechanical- 
supporting component and 1,4-diazabicyclo[2.2.2]octane (DABCO) functional-
ized poly(vinylbenzyl chloride) (PVBC) as the conducting component 
(Figure 13.17a). The resulting PBI-c-PVBC/OH AEM exhibits high OH− conduc-
tivity (>25 mS cm−1 at RT), and low SR (13%) is obtained. Similarly, Zhuo 
et  al.  [40] synthesized a novel composite AEM cross-linked by tertiary 
 amine-based PAE and bromomethyl-containing poly(arylene ethersulfone) 
(Figure 13.17b). The formed AEMs show 82.4 mS cm−1 conductivity at 80 °C and 
an excellent mechanical property (32.12 MPa).

 (2) Cross-linking based on the modified backbone. AEMs with cross-linked ion 
cluster regions enhance dimensional stability while also ensuring the aggrega-
tion of the cation clusters to form microphase separation and ion-conducting 
channels. Lai et  al. successfully synthesized a novel cross-linked ion cluster 
region AEMs (Figure 13.17c) [41]. In their work, the cross-linking between the 
ion cluster regions not only enhanced the mechanical properties (39.7 MPa) of 
the AEMs but also improved hydroxide conductivities (143.4 mS cm−1 at 80 °C) 
and reduced SR (11.3%). Cha et al. prepared a cross-linked AEM based on short 
hydrophilic block ionomers (Figure 13.17d) [42]. Due to the cross-linked net-
works and well-developed nanophase-separated morphologies, the membranes 
exhibited outstanding mechanical properties, low SR, and outstanding conduc-
tivity (108 mS cm−1 at 80 °C).

 (3) Cross-linking based on a functional cross-linking agent. In general, the explora-
tion for an appropriate cross-linking agent without the expense of functional 
groups is also an effective strategy to conquer the trade-off of conductivity and 
mechanical stability.
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Among these works, a series of novel cross-linked AEMs containing bi-functional 
cross-linking agents have been synthesized by Hu et al (Figure 13.17e) [43]. In this 
work, bi-functional cross-linking agents are used for both simultaneous quaterniza-
tion and cross-linking. The resulting AEM exhibited a high OH− conductivity 
(152.7 mS cm−1) at 80 °C; meanwhile, the tightly packed internal construction of 
membranes after cross-linking also enhanced the mechanical strength (84.8 MPa).

Cross-linked chains with high flexibility and multiple cations have been used in 
preparing cross-linked AEMs. The cross-linked networks with long, flexible cross-
linked chains cannot only improve the mechanical strength of the membranes but 
also enhance the nanophase separation ability of AEMs. He et al. have designed a 
particular structure of cross-linked PPO-based AEMs using a long flexible, multi-
cation cross-linking chain (Figure 13.17f) [44]. The resulting membranes exhibit a 
low SR, excellent mechanical properties, and superior high hydroxide conductivity.

 (4) Cross-linking based on side-chain type polymer. The side-chain-type AEMs can be 
prepared by tethering cations to polymer main chains via long spacers. The flexible 
spacer units can increase the local mobility of the cations and facilitate phase sepa-
ration in the AEMs, leading to high ionic conductivity. Lin et al. have prepared  
a novel cross-linked AEMs with a side-chain-type structure (Figure 13.17g) [45]. 
The induced cross-linked structure makes the resulting AEMs show a low SR 
(9.6%). Similarly, a novel comb-shaped AEMs with cross-linked networks has been 
designed by Zhu et al. (Figure 13.17h) [46]. The thiol-ene cross-linking drasti-
cally decreases the SR of the AEMs, while the comb-shaped structure effectively 
improves the conductivity (60 mS cm−1 at room temperature [RT]).

 (5) Terminal cross-linking and end-group cross-linking. Terminal cross-linked pol-
ymer systems are cross-linked only happening at the end of the polymer chain, 
which shows little loss of conductivity. Meanwhile, the formation of a 3D cross-
linked network can lead to exceptionally high proton conductivities. Kwon et al. 
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have synthesized a novel azide-assisted terminal cross-linking AEMs (Figure 13.17i) 
[47]. The terminal cross-linking significantly enhances the mechanical proper-
ties and conductivity.

Apart from terminal cross-linking, the end-group cross-linking way could also 
result in morphological transformations that are applied to optimize ion transport. 
Lee et  al.  [48] have synthesized a novel end-group cross-linked AEM applying 
3-hydroxyphenyl acetylene as the cross-linker (Figure 13.17j). The end-group cross-
linking enhanced the tensile strength (>60.2 MPa) and OH− conductivity (107 mS cm−1) 
of the resulting AEMs.

As explained above, advanced cross-linking with cross-linker modification and 
polymer architecture modification is an effective strategy to balancing the conduc-
tivity and membrane stability of AEMs.

13.1.3.4 Other Physical Methods

13.1.3.4.1 Physical Blending
As one of the physical modification methods, the blending technique is an extremely 
promising approach for the development of AEMs, achieving a balance between 
electrochemical performance and physicochemical stability.

Polymers with a high degree of substitution value are an efficient method to dra-
matically improve the ion conductivity of AEMs. However, the dimensional stabil-
ity of these polymers is weakened due to the excessive SR. The blended strategy is a 
very good option to solve this problem. Blended AEMs based on N1-alkyl-substituted 
imidazolium-based PVBC homopolymers and aromatic polyethers containing main 
chain pyridine units were prepared by Deimede and coworkers (Figure 13.18a) [49]. 
The N1-alkyl-substituted imidazolium-based poly(PVBC-co-AA20) copolymers showed 
excellent chemical stability owing to the hindrance effect of the N1 dodecyl part. 
Aromatic polyethers containing pyridine units were blended to ensure the high WU, 
excellent chemical stability, and mechanical toughness of the AEMs. Blended mem-
branes containing hyperbranched/linear polymers also showed enhanced hydrox-
ide conductivity and dimensional stability. Zhang and coworkers have developed a 
novel blended AEM-containing polymer of intrinsic microporosity (PIM) [50]. The 
incorporation of PIM increases free volumes in the AEMs, making it easier for cati-
ons to cross the backbones to connect with each other, thus enhancing microphase 
separation (Figure  13.18b). Three-component blended AEMs were synthesized 
based on tetraarylpolyphosphonium (pTAP)-based copolymers, chitosan, and PVDF 
(Figure 13.18c) [51]. Among them, chitosan was used as a blend to improve the WU 
of the base ionomer matrix. And, the goal of blending PVDF was to provide stable 
mechanical toughness to the composite blend.

The semi-interpenetrating network (SIPN) AEMs can also be prepared by blend-
ing. They are composed of cross-linked polymers and one or more linear or grafted 
polymers, which constitute interpenetrating network (IPN) structures. This type of 
AEMs combines the advantages of two or more polymers. Pan et  al. designed a 
novel SIPN membranes containing a rigid, conductive functional part and a hydro-
philic, flexible network (Figure 13.19a) [52]. The SIPN AEMs kept a good balance 
between conductivity and SR. The SIPN-60-2 (WQAPPO-60/WPEG-PAGE = 2 : 1, 
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IEC = 1.43 mmol g−1) membrane had a moderate SR (25.5% at 80 °C), and the con-
ductivity reached 67.7 mS cm−1 at 80 °C. Similarly, Lan et al. introduced pyrrolidonium- 
type ionic liquids (IILs), poly(N-methyl-N-vinyl-pyrrolidonium) (PNVMP) into 
covalently cross-linked poly(vinyl alcohol) (PVA) network to prepare AEMs 
(Figure 13.19b) [53]. Due to the high quaternization degree of PNVMP, the SIPN 
membranes exhibited high ionic conductivity. Moreover, the adding of PVA was 
very helpful to keep dimensional stability and the cross-linked structure kept mem-
branes possessing sufficient mechanical strength. When the blend ratio of PNVMP/
PVA was 0.25/0.45, the PNVMP/PVA membrane exhibited a high conductivity of 
2.05 × 10−2 S cm−1 and low swelling degree of 5.57%, excellent tensile strength of 
18 MPa, and relatively good stability in 6 mol l−1 NaOH at 60 °C for 168 h.
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Figure 13.18 Chemical structures of blend-modified AEMs. Source: (a) Reproduced with 
permission from Tsagdi et al. [49]. Copyright 2021 Springer Nature. (b) Reproduced with 
permission from Gong et al. [50]. Copyright 2020 Elsevier. (c) Reproduced with permission 
from Muthumeenal et al. [51]. Copyright 2021 American Chemical Society.
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Although polymer blending is a simple and fascinating way to modify the short-
comings of a single part and improve the AEM performances, unfortunately, because 
the conductive polymers are not covalently bonded to the polymer matrices, they will 
gradually precipitate with the working of the fuel cell and then lead to a decrease in 
ion conductivity. Therefore, it still cannot meet the application of AEMFCs.

13.1.3.4.2 Physical Doping
Physical doping methods: The doping methods can make the AEMs combine the 
superiorities of organic materials and inorganic particles at the same time, thereby 
improving some of the defects of the pure polymer electrolyte membranes. Inorganic 
nanoparticles have large specific surface areas and good stability. In earlier studies, 
inorganic nanomaterials such as carbon nanotubes (CNTs)  [54], ZrO2  [55], and 
SiO2 [56] have been added into ion exchange membranes (IEMs) to improve their 
performance. The works above indicated that the inorganic nanomaterials added 
to the IEMs may lead to a great enhancement in their mechanical properties, ther-
mal stability, and chemical stability. Due to the intrinsically different surfaces 
between polymers and inorganic nanomaterials, the prepared IEMs exhibited poor 
interfacial adhesion, so these fillers tend to agglomerate. Ionic conductivities, 
mechanical properties, and dimensional stability of the IEMs cannot be apparently 
improved [57].

Modification of organic groups on the surface of inorganic materials is an effec-
tive strategy to solve the compatibility between organic and inorganic materials. 
Meanwhile, the interaction between the inorganic nanoparticles and the polymers 
helps construct ion channels at the interface. Lü et al. have prepared novel compos-
ite AEMs through incorporating quaternized graphenes into the chloromethylated 
polysulfone and then carried out quaternization (Figure 13.20a) [58]. The QPSU0.5%-
QGs exhibited a fourfold enhancement in the bicarbonate conductivity than that of 
pristine quaternized polysulfone AEM at 80 °C, and the QPSU0.25%-QGs exhibited 
a threefold increase in Young’s modulus as well as tensile strength. Jiang and cow-
orkers  [59] achieved the creation of interconnected ionic channels within the 
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membrane by embedding the SiO2-QPSt core–shell structure into a polysulfone 
(Figure  13.20b). The AEMs with high filler amounts (50–70 wt%) showed 88.4– 
188.1 mS cm−1 OH− conductivities at 80 °C.

Overall, the nature and quantity of inorganic particles will have different effects 
on the performance of the hybrid membranes. Choosing the appropriate inorganic 
particles and the amount is the focus of the polymer modification process. However, 
despite the functional modification of the surface of inorganic materials, the high 
content of addition will still cause serious particle aggregation and macroscopic 
phase separation, generating the degradation of the interface morphologies and the 
ion conduction channels, reducing the performance of the membranes.

13.1.3.4.3 Physical Electrospinning
Electrospinning is a convenient and simple method using the electrohydrodynamic 
process to generate continuous thin fibers and can be employed for the preparation 
of fibrous membranes. A wide range of materials can be electrospun, such as inor-
ganic sols, polymer melts, and polymer solutions. The main components of the typi-
cal electrospinning contain a spinneret, a high-voltage power supply, and a grounded 
collector  [60] (Figure 13.21). The spinning solution is pumped through the spin-
neret by a high-voltage power supply to form a charged solution and a Taylor cone. 
When the electrostatic force breaks through the surface tension of the solution, a 
liquid jet is ejected. The jet is drawn to the collector and suffers stretching and bend-
ing instabilities when the solvent evaporates, resulting in non-woven nanofibrous 
mats. The morphologies of polymer fibers can be controlled by adjusting parame-
ters, such as the solution properties (e.g. electrical conductivity and viscosity), 
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operating parameters (e.g. the distance between the spinneret and collector and 
applied voltage), as well as surrounding conditions.

As electrospinning is gradually used to construct IEMs, anion-conductive nanofib-
ers exhibit potential for improving the membrane properties. In 2011, Pintauro and 
coworker reported the first electrospun composite AEMs [61]. The heterogeneous 
composite AEMs were fabricated according to quaternary ammonium polysulfone 
(QAPS) electrospun nanofibers, where the AEMs were composed of  
tetramethylammonium-substituted polysulfone fibers embedded in the polyphenyl 
sulfone matrix. This structure can effectively reduce WU and enhance the mechani-
cal properties of the AEMs. Gong et al. prepared a novel electrospun composite AEM 
using polysulfone functionalized by imidazolium as the interfiber void fillers and 
electrospun nanofibrous mats  [62]. The resulted composite membranes showed a 
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much higher OH− conductivity and enhanced mechanical and alkaline stabilities in 
comparation with the corresponding cast membranes. Wang et al. prepared synthe-
sized novel composite AEMs composed of the PAE containing hexaalkyl guanidin-
ium group (PES-G-Cl) nanofibers and (vinyl benzyl) trimethylammonium chloride 
(VBTC) ionomers  [63]. Compared with the AEMs without nanofibers, the AEMs 
based on nanofibers exhibited enhanced membrane stability and decreased WU.

Composite AEMs with one or more nanofiber components are one of the most ver-
satile approaches to provide a robust platform to address the balance of conductivity, 
mechanical properties, and durability. Moreover, the widespread commercialization 
of nanofiber-based membranes requires simple fabrication lines to incorporate large-
scale electro-spinning equipment into traditional roll-to-roll membranes.

13.1.3.5 The Development of Novel Cationic Functional Groups and Aryl 
Ether-free Main Chains with High Stability
In order to improve the alkali stability while ensuring high conductivity, researchers 
have gradually developed a variety of novel cationic functional groups and aryl 
ether-free polymer main chains for the preparation of AEMs.

13.1.3.5.1 The Development of Novel Cationic Functional Groups
QA cations have been widely developed because of simple preparation, high reac-
tion activity, conduction efficiency, and low cost. However, QA salts are prone to 
nucleophilic substitution and Hoffmann degradation in an alkaline environment, 
which restricts the development of AEMs [64].

In recent years, nitrogen heterocyclic cations have attracted extensive attention 
because of their outstanding alkali resistance. Kreuer and coworker[65] systemati-
cally explored the alkali resistance of QA cations. Among them, six-membered aza 
spiro ring cation (ASU) and N,N-dimethylpiperidine cation (DMP) showed the 
highest alkali resistance, and their alkali resistance life was much higher than that 
of the most stable TMA cations in theory (Table  13.2). This is because the six- 
membered nitrogen heterocycles have low ring tension and large steric hindrance, 
which reduces the possibility of Hoffmann degradation and nucleophilic substitu-
tion. Since then, Jannasch and coworkers  [66] developed N-heterospiro cation-
loaded violone AEMs (as shown in Figure  13.22). This kind of AEMs hardly 
degraded after soaked in 1 M KOD/D2O at 80 °C for 1800 h. After that, they devel-
oped a series of different azaspiro polyolefin electrolytes through double-bond 
polymerization  [67]. The alkali resistance of polyolefin electrolytes with 5–6- 
membered spiro rings was only slightly degraded after soaking at 2 M KOD/D2O 
120 °C for 14 days. However, ionone and polyolefin electrolytes loaded with 
N-heterospiro cation had high water solubility due to high IEC, which limited the 
application of this kind of polyelectrolytes in AEMs. Therefore, exploring effective 
grafting methods to use ASU and DMP cations has become a research hotspot.

On the other hand, there are many studies about imidazole cations. However, the 
alkali resistance of ordinary N,N′-dimethylimidazole cation is poor. It is obviously 
degradation after soaking at 1 M NaOH at 80 °C for 24 h. Yan and coworkers [68] 
have compared the alkali resistance of imidazole cations with different substituents. 
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Figure 13.22 Synthetic pathway to spiro-ionene-based AEMs. Source: Reproduced with 
permission from Pham et al. [66]. Copyright 2017 American Chemical Society.

Table 13.2 Half-life of different cations at 160 °C in 6 M NaOH.

Entry QA Abbreviation Half-life (h)

1
N +

ASU 110

2

N +

DMP 87.3

3

N +

DMPy 37.1

4
N +

ASN 28.4

5
N+

TPA 7.19

6
N
+ TMA 61.9

7
N

N
+

MAABCO 13.5

Source: Adapted from Marino and Kreuer [65].
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It was found that the substituents had a great impact on the stability of imidazole 
cations, especially by the substituents at the C-2 position of imidazole. The alkali 
resistance of imidazole cations can be effectively improved due to the substituents 
at the C-2 position of imidazole.

P and N are in the same main group, so quaternary phosphorous cations and QA 
cations show similar physical and chemical properties. Yan and coworkers [69] first 
developed benzyl tris(2,4,6-trimethoxy) phenyl-based PSF ionomer (TPQPOH), 
which reflected the possibility of the application of quaternary phosphorus cations 
in AEMs and brought new ideas to the researchers and development of AEMs 
(Figure 13.23). Coates and coworkers [70] developed quaternary phosphorus cati-
ons [P(N(Me)Cy)4]+ and prepared a series of [P(N(Me)Cy)4]+ supported polyethyl-
ene AEMs. [P(N(Me)Cy)4]+ cation had good alkali resistance, and it hardly degraded 
after soaked at 1 M NaOD/CD3OD 80 °C for 20 days. However, due to the difficulty 
of modification and low grafting activity of such cations, their application in AEMs 
has not been realized.

Hickner and coworkers [71] proposed using organometallic coordinated rhodium 
cations as new cationic groups. The design of these structures essentially eliminates 
the degradation reactions such as Hoffmann elimination, nucleophilic substitution, 
and phosphorus ylide and provides a new idea for the structural design of highly 
stable AEMs (Figure 13.24). The conductivity of these membranes at RT was close 
to that of AEMs supported by ordinary QA cations. However, when such mem-
branes were soaked at 1 M NaOH 80 °C for 2 h, serious degradation reactions such  
as decoordination occurred, which made them poorly alkali-resistant and also 
restricted the further development of such membranes.

13.1.3.5.2 The Development of Aryl Ether-free Polymer Main Chains with High 
Stability
Polymer main chains are the foundation of AEMs, which determine the mechanical 
properties and stability of AEMs. In previous studies, the main chain structures of 
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Figure 13.23 Chemical structure of TPQPOH [69].
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polymers were PPO [72], PAEs [73], PAEK [74], PBI [75], polyolefin [76], and poly-
phenylene [77]. There are significant differences in the physical stability of these 
polymer chains. Among them, polyphenylene ether, polysulfone, and polyetherke-
tone are engineering plastics with excellent thermal stability and tensile strength, 
showing good membrane-forming ability and flexibility [78]. However, these pol-
yarylether polymers exhibit poor chemical stability in highly alkaline environments. 
PBI has advantages such as strong main chain molecule rigidity, hydrogen bonding 
between molecules, and good mechanical properties. Meanwhile, it has high reac-
tion activity and can be directly converted into AEMs by reacting with halogenated 
hydrocarbons. However, the stability of ordinary PBI base is not satisfactory [79].

Polyolefin materials are all carbon structures with high stability and excellent 
membrane toughness. They can be used as ultra-thin (thickness less than 30 μm) 
and high-power density AEMs. As shown in Figure  13.25, commercial ethylene 
tetrafluoroethylene has a thickness of 12.7 μm. After electron beam irradiation, the 
ethylene copolymer was grafted with quaternary amine salt. Under silver as a cath-
ode catalyst, the maximum power density of the fuel cell reached 1110 mW cm−2 at 
70 °C [80].

Polyphenylene polymers are also polymers without ether bonds, which have high 
molecular chain rigidity and good mechanical properties. Akiyama et al. prepared a 
series of quaternized copolymers (QP-QAF) polymers (Figure  13.26)  [81]. The 
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prepared AEMs obtained a high OH− conductivity (up to 134 mS cm−1 at 80 °C) at an 
IEC of 2.25 mequiv g−1, and it was also stable in 4 M KOH at 80 °C) for 1000 h. 
However, the synthesis of polyfluorene backbones needs to be catalyzed by expen-
sive palladium metal or a large amount of nickel metal, which seriously limits its 
large-scale preparation.
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Pure aromatic polymer main chains can also be prepared by condensation of ketone 
or aldehyde with biphenyl or terphenyl through Friedel–Crafts reaction. Yan and cow-
orkers prepared polytriphenyl piperidionium (PAP-TP-85) AEM (Figure 13.27) [15]. 
The ion conductivity of PAP-TP-85 was as high as 193 mS cm−1 at 95 °C. After soak-
ing in 1 M KOH solution at 100 °C for 2000 h, the IEC of the AEM decreased by only 
3%, showing excellent alkali stability.

13.2  Summary and Outlooks

Over the past few years, researchers have made numerous efforts to make efficient 
AEMs for use in AEMFCs. So far, commercial AEMs still have some drawbacks, 
such as expensive prices and unsatisfactory performance, and are generally still 
unable to meet the large-scale commercial deployment of fuel cells in the future. 
Therefore, many different methods have been employed to improve the comprehen-
sive properties and performance of non-commercial AEMs, such as developing 
novel groups and ether-free main chains, regulating the microphase separation, 
constructing the free volumes and cross-linking structures, as well as applying phys-
ical methods. All these ways seem promising for further enhancement of the perfor-
mance of AEMs. Although a few AEMs showed high peak power density (~2 W cm−2), 
the in situ chemical durability (~500 h) still cannot research the future requirements 
(2020 DOE: 2000 h). Moreover, although the ex situ stability tests of some AEMs 
show excellent alkali stability, they are unstable when they in situ worked in fuel 
cells. Hence, it is necessary that ex situ and in situ stability evaluation methods 
should be further developed and an effective means of evaluating stability should be 
exploited in the near future.
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14.1   The Preparation of Membrane 
Electrode Assembly

Membrane electrode assembly (MEA) is the core component of anion exchange 
membrane fuel cells (AEMFCs) and consists of the anion exchange membrane 
(AEM) layer, the anode and cathode catalyst layers (CLs), and the gas diffusion lay-
ers (GDLs) (Figure 14.1). The GDL acts as a transmission site for reactants and prod-
ucts during electrochemical reactions [1]. The hydroxide ions are first generated by 
the oxygen reduction reaction (ORR) at the cathode. Afterward, the hydroxide ions 
pass through the AEM layer and transit to the anode, where the oxidation reaction 
happens between the fuels (hydrogen, methanol, etc.) and the CL. The CL usually 
combines the electrochemical catalyst and the ionomers, resulting in a three-phase 
interface for the electrochemical reactions [2].

According to the different methods of catalyst loading on the AEM, the prepara-
tion methods of the MEA can be divided into two categories, gas diffusion electrode 
(GDE) and catalyst-coated membrane (CCM) (Figure  14.2). The catalyst is first 
loaded on the surface of the diffusion layer to form a GDE, and then the MEA is 
formed by hot-pressing between GDE and AEM, which is named the GDE method. 
According to the specific preparation process, the GDE strategy is composed of the 
traditional GDE method, dry spray coating [3], electrochemical deposition [4], and 
electrophoresis [5]. Generally, the traditional GDE method to prepare the MEA is as 
follows (Figure 14.2A): the catalyst and ionomer are dispersed by mechanical stir-
ring and ultrasonication. The solution composed of the catalyst and ionomer is 
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sprayed uniformly on the carbon paper. The membrane is sandwiched or hot-
pressed between two pieces of carbon paper, and then the preparation of the mem-
brane electrode is completed [6]. Since there is no liquid solvent involved, the dry 
spray coating method is quite simple. Moreover, it is easy to control the catalyst 
loading by adjusting the spray gas flow, which is suitable for commercial produc-
tion. The GDE prepared by the electrochemical deposition method shows a higher 
activity for both oxygen reduction and hydrogen oxidation than the electrodes pre-
pared via the conventional method [7]. A large electrode can be easily produced by 
electrophoresis, and the process of such a method is simple and cost-effective.

The CCM is formed by directly loading the catalyst on the AEM, which is then 
laminated with the GDL to fabricate the MEA. The traditional CCM method to 
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prepare the MEA is as follows (Figure 14.2B) [8]: a well-dispersed catalyst ink is 
prepared by mixing the catalyst and ionomer solution using mechanical stirring and 
ultrasonication. Then, the as-prepared ink is coated onto the AEM by spraying to 
achieve the CCMs for the electrodes. Subsequently, the assembly of carbon paper 
and a CCM are used to afford the MEA. In addition, sputter deposition [9], catalyst 
ink transfer  [10], and chemical-reduction  [7] are also used in previous reports. 
Although the GDE method has been widely used in the current state, it still has 
certain defects. For example, the thickness of the catalytic layer is relatively large, 
the mixture of the catalyst and ionomers is nonuniform, and the stability of the 
interface between the CL and AEM still needs to be improved. The CCM method 
significantly improves the interface stability between the CL and the AEM, which 
can also afford a thinner CL. The CCM method to prepare the MEA may be the 
future direction of the MEA preparation.

The GDE being the most robust method involves coating of the catalyst on wet-
proofed GDL using brush coating or spray coating method [11]. MEAs with areas 
<50 cm2 are normally fabricated using such a technique. The primary reason for 
employing the GDE method is its ease of fabrication (especially brush-coated GDEs) 
compared to other techniques. Such a method is also proven to have the least loss of 
catalyst, as discussed earlier. CCM, on the other hand, is also a well-established 
technique commonly used for fabricating MEAs of larger active areas, thereby 
reducing the catalyst loss per unit area. Triple-phase boundary created by such a 
technique is also claimed to be better as the CL is brought much closer to the mem-
brane compared to the GDE. The CCM method involves a dedicated equipment  
for coating the catalyst over the membrane surface and therefore is found 
exorbitant [11].

Other than the GDE and CCM methods, Li and coworkers [12] proposed a novel 
MEA fabrication approach. The dispersion was coated on a substrate to form a wet 
film, and then a GDE was placed on the wet film. After drying, separation from the 
substrate yields a membrane-coated electrode. The MEA fabrication method not 
only achieved excellent interfacial contact between the membrane and the CL but 
also prevented overfilling with the ionomer. Applying this novel MEA method, a 
high peak power density of 2636 mW cm−2 was achieved. Mehmood and Ha  [13] 
developed a new roll-press for MEA fabrication and compared the performance of 
respective MEAs with that of the conventional flat press decal method. The MEA 
produced by a roll-press (R-MEA) delivers an excellent single-cell performance with 
power densities more than 30% higher than that fabricated using a flat-press. The 
new method considerably improved catalyst active sites in both electrodes and ren-
ders a high cathode porosity. In addition, an innovative way of reducing the mem-
brane and charge transfer resistance was found by spray coating the ionomer 
dispersion on the CL followed by spraying the CL  [11, 14]. The average coating 
sequence involved coating of an anode/cathode on the GDL, followed by spray coat-
ing the ionomer dispersion for a definite number of turns to develop a uniformly 
thick membrane over the area. The other electrode was then spray coated by mask-
ing the solid membrane. Moreover, the electrode–electrolyte interface is found  
better than that of the conventional MEAs. 
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14.2   Selection of Ionomers

As the catalyst binder in the MEA, the ionomer is a key component for electro-
chemical energy conversion and storage technology [15]. In comparison with AEMs, 
the study on ionomers is fairly limited in the literature. In the proton exchange 
membrane fuel cell (PEMFC), ionomers are commonly perfluorinated sulfonic acid 
polymers, which have the same structure as that of the proton exchange membrane 
(PEM). When it comes to anion exchange ionomers (AEIs), the requirements for 
AEM and AEI are not always the same due to their different roles (Table 14.1). For 
example, AEM requires good gas barrier properties and limited water uptake, as 
well as lower membrane swelling, while AEI requires high water permeability, min-
imal interaction with electrocatalysts, and sufficient electro-oxidative stability [16]. 
Therefore, using the same structure of AEI and membrane is not always a good 
choice for AEMFCs. Moreover, the water management of AEMFCs is more compli-
cated than that of PEMFCs. The cathode and anode have different requirements for 
water, and the structure requirements for AEI are also different. The cathode is 
prone to be dried, while the anode tends to overflow under high current density. 
Although AEI is a key component in AEMFCs, the related research is not well-
developed, and only a few groups have studied AEI. So far, only a few types of AEI 
have been commercialized. Generally, AEI is synthesized by researchers individu-
ally to fabricate the MEA.

There are two approaches that have produced effective CLs in operating 
AEMFCs [17]. The first approach starts by dispersing catalyst particles with solubi-
lized anionic polymers to create the catalyst ink. This approach is very similar in 
style to PEMFC inks, but not in concept because this approach relies on the removal 
of the solvent to set up the physical structure of the ionomer and its incorporation 
with the catalyst. If the incorrect solvent is selected or solvent removal is not care-
fully controlled, the resulting CL could be too dense or the structure of the ionomer 
in the CL might not facilitate facile charge transfer. In either case, the resulting 
AEMFC would experience severe performance limitations. The second approach is 

Table 14.1  A comparison of properties between AEM and AEI.

Properties AEM AEI

Ionic conductivity (σ) High σ High σ

Water absorption Suitable water uptake to 
maintain the durability

High water permeability

Swelling ratio Low SR Low–intermediate SR

Mechanical properties Suitable tensile strength and 
toughness

No request

Gas permeability Low gas permeability High gas permeability

Solubility No request Good solubility/dispersion

Alkaline stability Highly stable Highly stable
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far less common, though the one that has led to the highest reported peak power 
densities, achievable current densities, and stability. In this approach, large solid 
ionomer particles were integrated with the catalyst to make the electrode. There has 
only been one such “solid ionomer” that has been reported in the literature to date: 
25 μm ethylene tetrafluoroethylene (ETFE) powder that has been radiation-grafted 
and quaternized  [18]. To make CLs, the ETFE powder was typically exposed to 
grinding steps with and without the catalyst, and then the solvent (water + isopropyl 
alcohol) was added in stages and then sonicated to make the catalyst ink that was 
sprayed onto a low-Teflon GDL.

14.2.1  Commercial Ionomers

After the years of development, Tokuyama Corporation reported two types of cati-
onic ionomers (product codes: A3Ver2 and AS-4), and Fumatech Corporation also 
reported FAA membranes and Fumion ionomers (Table 14.2) in 2008 [19]. The first 
study on fuel cell performance with different A3Ver2 ionomer content was investi-
gated by Bunazawa and Yamazaki, and they revealed that the MEA containing 
45.4% A3Ver2 ionomer can achieve the peak power density of 58.9 mW cm−2 [20]. 
The peak power density of the AEMFCs rarely exceeded 60 mW cm−2 before 2008 
due to the unsatisfied performance of AEM and ionomers. In 2009, Gu et  al. 
designed a soluble tri(2, 4, 6-trimethoxyphenyl) polysulfone-methylene quaternary 
phosphonium hydroxide (TPQPOH) ionomer and used for FAA commercial AEM, 
which achieved a peak power density of 196 mW cm−2 [21]. It is worth noting that 
Fumion is an aromatic ether-containing polyelectrolyte, which is easily degraded 
under high pH conditions. The degradation of Fumion reduces the local pH value of 
the catalyst/ionomer interface and negatively affects the ionic conductivity, which 
results in poor fuel cell performance and stability [19]. A series of highly conducting 
cross-linked AEMs were synthesized based on quaternary phosphonium- 
functionalized poly(ether ketone) (QPPEEK) polymer skeleton and poly(ethylene 
glycol) (PEG) as the cross-linker [22]. Fumion ionomers were used to fabricate the 
MEA, and the highest peak power density of 154 mW cm−2 was achieved. In addi-

Table 14.2  Technical data sheet of Fumion® FAA-3 solution.

Fumion® solution FAA-3

Ionomer type Anion exchange ionomer

Polymer type Polyaromatic polymer

Appearance/color Brown, transparent solution

Solvent N-methyl-2-pyrrolidone

Concentration (wt%) 8–12

Solution viscosity at 25 °C (mPa⋅s) <20

Functional group Quaternary ammonium group

Additive (defoamer, wetting, anti-cratering) Optional
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tion, Acta I2 ionomer was also used in quaternary ammonium poly 
(styrene-ethylene/butylene-styrene) (QASEBS) AEM to fabricate the MEA, and the 
peak power density can reach 124 mW cm−2  [23]. However, the output was still 
lower than the ionomer with the same structure of QASEBS AEM.

AEMFCs based on commercial ionomers (e.g. FAA-3SOLUT-10, AS-4) resulted in 
fuel cell performance of around 200–500 mW cm−2, far below the recently reported 
high AEMFC power density (>2000 mW cm−2). More efforts should be focused on 
the investigation of AEI to achieve a high output of fuel cells. 

14.2.2  Custom-made Ionomers

Most of the commercial AEMs and ionomers (e.g. FuMA-Tech, Tokuyama, Gen) 
exhibit poor lifetime and low power density of AEMFCs (100–500 mW cm−2), and 
thus, a deeper and more thorough understanding of the ionomer properties within 
the MEA is desired. The key point to constructing the effective CL is that the catalyst 
ink, especially ionomers, should have a good dispersion and fast solidification dur-
ing the coating process. Therefore, the solvent to dissolve ionomers should have a 
high dielectric constant and a low boiling point at the same time  [24]. Typically, 
alcohols with a low boiling point, such as isopropanol or ethanol and deionized 
water, have been well-proven to be a good solvent system to dissolve ionomers. To 
enhance the conductivity and alkaline stability of AEMFCs, partially fluorinated 
poly(arylene ether) ionomers with functionalized claw-type side chains were pre-
pared [25]. Furthermore, the single cell using FPAE-3B-3.0-PD achieved the highest 
power density of 156 mW cm−2 under a current density of 350 mA cm−2 at 80 °C, and 
the fuel cell performance still needed to be improved. Shao and coworkers synthe-
sized a novel ionomer based on a triblock copolymer with high conductivity and 
good durability, and the MEA based on this ionomer reached a higher peak power 
density of 375 mW cm−2, which was three times higher than that of commercially 
available Acta I2 ionomer  [23]. Hickner and coworkers  [26] prepared a series of 
ionomers with multiple cations per side chain, and the H2/O2 fuel cell using 
T20NC6NC5N (IEC = 2.52 mmol g−1) AEM and ionomer achieved the highest peak 
power density of 364 mW cm−2.

In recent years, the output of fuel cells has greatly increased owing to the optimi-
zation of the ionomer, MEA fabrication, and working conditions (Table 14.3). In 
2014, Zhuang and coworkers [31] reported the AEMFC cell performance of 1.0 W cm−2 
based on QAPS-S14 (IEC = 1.0 mmol g−1, 20 wt% in the CL) ionomer and Pt–Ru/C 
anode at 60 °C under fully humidified H2 and O2 conditions. Their result was the 
highest record in the literature and was comparable to the performance of the 
state-of-the-art PEMFCs. As the commonly used cation of the ionomer, Xu and 
coworkers synthesized a series of ionomers based on quaternary ammonium cat-
ion functionalized poly(2,6-dimethyl phenylene oxide) (QPPO), and a maximum 
power density of 322 mW cm−2 at 60 °C was achieved [35]. In addition, the QPPO 
ionomer was also used in the MEA based on poly(vinyl alcohol) hydrogel AEM, 
and the fuel cell performance demonstrated a remarkable peak power density of 
715 mW cm−2.
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Elastomeric ionomers were prepared by acid-catalyzed Friedel–Crafts alkylation 
of the polystyrene block of polystyrene-b-poly(ethylene-co-butylene)-b-polystyrene 
(SEBS) using bromoalkylated tertiary alcohols and triflic acid as the catalyst, fol-
lowed by quaternization with trimethylamine  [36], and a peak power density of 
520 mW cm−2 was achieved at 60 °C under H2/O2 conditions using SEBS-based iono-
mers. Similarly, Shao and coworkers [37] also prepared the ionomer based on quat-
ernized SEBS (polymer concentration of 8.7 mg ml−1), and the AEMFC performance 
reached 721.7 mW cm−2 at the cell temperature of 60 °C under H2/O2 condition. As 
a kind of excellent engineering plastic, poly(arylene ether sulfone)s with different 
branching degrees were synthesized as ionomers, and a platinum-catalyzed fuel cell 
based on hyper branched methoxyl polyaryl ether sulfone (HBMPES)-8 ionomer 
achieved a peak power density of 160 mW cm−2 [38].

Mustain and coworkers  [34] created new electrode compositions by systemati-
cally manipulating the ionomer and carbon content in the anode CL, which allevi-
ated the mass transport behavior limitations of H2/O2 AEMFCs and achieved a peak 
power density of 1900 mW cm−2. They also synthesized three poly(norbornene) 
tetrablock copolymer ionomers  [27], and the ionomers were employed in the 
AEMFC anode and cathode electrodes, respectively. The H2/O2 fuel cell with GT78 
ionomer in the anode and GT32 ionomer in the cathode achieved the highest peak 
power density of 3.2 W  cm−2. This report indicated that the requirements of the 
ionomer in the cathode and anode are different and therefore greatly affected  
the output of fuel cells. Aryl ether-free ionomers and AEMs based on 
1,2- diphenylethane (DP)-containing poly(aryl piperidinium)s (PAPs) were prepared 
and employed to fabricate the MEA. Ionomers with low phenyl content and high 
water permeability displayed an excellent peak power density of 2580 mW cm−2 [28]. 

Table 14.3  A series of ionomers with peak power density (Pmax) higher than 1000 mW cm−2 
under H2/O2 condition are given in the table below.

Ionomer AEMFC test condition Pmax (W cm−2) References

GT78 200 kPa backpressure, H2/O2 (1 l min−1) 
@80 °C

2.7 [27]

PDTP-75 2.0 bar backpressure, H2/O2 (1 l min−1) 
@80 °C

2.58 [28]

QPC-TMA H2/O2 (0.8/1 l min−1) @60 °C 1.61 [29]

QAPPT 0.1 MPa backpressure, H2/O2 
(120 ml min−1) @80 °C

1.45 [30]

aQAPS-S14 0.1 MPa backpressure, H2/O2 
(400 ml min−1) @60 °C

1.0 [31]

ETFE powder H2/O2 (1 l min−1) @80 °C 2.0 [32]

ETFE-g-poly 
(VBTMA+Cl−)

H2/O2 (1 l min−1) @60 °C 1.40 [33]

ETFE–BTMA H2/O2 (1 l min−1) @60 °C 1.7 [34]
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Besides the soluble ionomers, powder ionomers were also reported. The peak power 
density of 1.8 W cm−2 for an H2/O2 AEMFC was achieved based on radiation-grafted 
ETFE AEM and ionomers [39]. The corresponding high output was mainly attributed 
to the better water balance achieved through electrode optimization, using the pow-
der form ionomers. Lee and coworkers prepared a novel ionomer based on quater-
nized poly-carbazole (QPC-TMA) with a rigid ether-free and curved backbone 
structure comprising carbazole monomers [29]. AEMFCs using QPC-TMA ionomer 
demonstrated an excellent performance of 1610 mW cm−2.

Figure  14.3 summarizes the structure of current AEIs, and Figure  14.4 is the 
schematic representation for fabrication of the MEA. Further optimization of iono-
mer selection, dispersion control, and preparation techniques should be developed 
to obtain AEMFCs with high performance and stability.

14.3   Effect of CO2 on AEMFCs

A characteristic of the AEMFC is their susceptibility to poisoning by ambient atmos-
pheric CO2, which is widely investigated to improve performance and stability [40]. 
Much efforts have been devoted to exploring the primary mechanisms for the volt-
age loss caused by CO2 poisoning [41]: (i) slow mobility of carbonate salts, leading 
to high area-specific resistance; (ii) carbonates accumulate at the anode, leading to 
a Nernstian thermodynamic shift and anode potential increase; (iii) a lower OH− 
concentration in the anode, leading to an increase in charge transfer resistance. 
Similarly, the ambient atmospheric CO2 also has a great impact on the performance 
of AEMFCs, and more efforts should be devoted to solving this issue.

14.3.1  Effect of CO2 on Ex Situ Measured Conductivity

As reported previously, due to the larger ionic radius of CO3
2− and HCO3

− compared 
to that of OH− anions, CO3

2− and HCO3
− have a detrimental effect on the ionic con-

ductivity of the AEM, caused by their lower diffusion coefficients and lower mobil-
ity [42]. The ionic mobilities of OH−, CO3

2−, and HCO3
− were reported to be 20.64, 

7.46, and 4.61 × 108 m2 s−1 V−1, respectively [43]. The ionic conductivity is not only 
dependent on the ionic radius but also on the number of hydration layers. It is 
reported that the hydration radii for solvated OH−, CO3

2−, and HCO3
− in an aqueous 

solution are 3.0, 3.94 [44], and 5.6 Å [45], respectively. Due to the highest hydration 
radius and its −1 charge, HCO3

− has the biggest influence on the decrease in ionic 
conductivity of the AEM. In addition, the dissociation equilibrium of anions and 
fixed cationic groups also has great effects on the accurate conductivity of the AEM. It 
is calculated that about 32% of the total charge was free in the OH− form AEM, 
whereas that number reduced to only 25% in the mixed CO3

2−/HCO3
− AEM [46]. 

Therefore, the ionic conductivity of the AEM in OH− form decreases obviously 
upon contact with any CO2-containing gas, including ambient air.
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14.3.2  Effect of CO2 on Electrochemical Reactions on the Electrodes

In addition to the effect on ionic conductivity, CO2 may also influence the electro-
chemical reactions of the membrane electrodes. When CO2-containing ambient air 
is present in the electrode, the ORR may occur as follows:

O CO 4e 2CO2 2 3
2

Such a result may cause CO3
2− anions to be adsorbed on the electrode, which may 

reduce the active area of the electrode, as well as decrease the observed ORR rate. In 
addition, the O2 diffusion coefficient in AEM with CO3

2− form is relatively lower in 
comparison with the AEM in OH− form, which also decreases the electrochemical 
reaction rate. Inaba et  al. found that the anode kinetics and activity may be dis-
rupted by the carbonate of hydroxide, especially at low current densities, which is 
attributed to the fact that OH− is a direct reactant in the hydrogen oxidation reaction 
(HOR)  [47]. The accumulation of HCO3

−/CO3
2− anions in the anode causes the 

decrease of hydroxide conductivity and activity of OH−. However, the cathode gas 
has little effect on the electrode overpotential with the CO2 content in the range of 
100–5000 ppm.

14.3.3  Effect of CO2 on Fuel Cell Performance

Almost all the fuel cell performance determinations have been performed on pure 
hydrogen and oxygen or CO2-free air, and only few reports have investigated the 
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effect of CO2 on cell performance. As expected, the peak power density of AEMFCs 
under oxygen or CO2-free air in the cathode was higher than that of ambient air 
(Table 14.4). For example, Lee et al. obtained a maximum peak power density of 
2.58 W cm−2 under pure O2 in the cathode, whereas only 1380 mW cm−2 was obtained 
under ambient air in the cathode [28]. In addition, AEMs with CO3

2− counterion 
indicate much lower output even under pure O2 condition, demonstrating that the 
ion species significantly affect the ionic conductivity and corresponding fuel cell 
performance [50].

Gottesfeld et al. changed the cathode gas from CO2-free air to ambient air, and the 
voltage at a current density of 400 mA cm−2 decreased by almost 50% [51]. Similar 
results were also reported like the cell voltage decreased by 30% when changing 
clean/synthetic air to ambient air in the cathode. In addition, the cell resistance also 
increased with the increase of CO2 content. The cell resistance increased by 1.7 
times and 2.3 times when adding 100 and 5000 ppm CO2 to pure O2, respectively [47]. 
Even if CO2 exists in a small amount, such as 100 ppm (much lower than the content 
in ambient air), it can greatly affect the cell performance, and all the reports demon-
strate that CO2 has a clear negative impact on fuel cell performance. 

14.4   Strategies to Avoid CO2 Poisoning

The negative effect of CO2 on fuel cell performance needs to be addressed. More and 
more research groups are investigating how to overcome the impact of CO2, and a 
series of solutions are proposed, such as self-purging, filtering the feeding air, 
increasing the operating current density, and optimizing the start-up protocol.

14.4.1  Reducing HCO3
−/CO3

2− Concentration Through Self-purging

Self-purging refers to the removal of HCO3
−/CO3

2− anions from the AEM by releas-
ing CO2 gas in the anode in an operating fuel cell [52]. As shown in Figure 14.5, 

Table 14.4  A comparison of the effect of CO2 on AEMFC performance.

AEM
Anion 
form

Operating 
temperature (°C) Operating gas

Peak power density 
(mW cm−2) References

aQAPS-S8 OH− 60 O2 610 [48]

Ambient air 320

Tokuyama 
A201

OH− 50 O2 290 [49]

Ambient air 125

QAPSF CO3
2− 25 O2 2.4 [50]

O2 + CO2 4.4

PDTP-25 OH− 80 O2 2580 [28]

Ambient air 1380



14 Membrane Electrode Assembly Preparation for Anion Exchange Membrane Fuel Cell (AEMFC)352

when the current density is at a relatively high level, the high rate of the ORR in the 
cathode results in the formation of OH− anions. The rate of OH− production in the 
cathode overcomes the rate of CO2 absorption into the membrane, and therefore, 
the overall result is the increase in OH− concentration at the expense of HCO3

−/
CO3

2− concentration [42]. However, the self-purging process requires several hours 
after contamination, which was attributed to the fact that the decarbonation of the 
AEMFC does not occur through a direct electrochemical reaction [53]. Adams et al. 
found that the CO3

2− content of the AEM decreased after the AEMs in CO3
2− form 

operated in an H2/air AEMFC by Raman analysis [54]. Yanagi and Fukuta meas-
ured the different anion concentrations in AEM with HCO3

− form before and after 
AEMFC operation (H2/clean air). Interestingly, the anion concentration after the 
fuel cell operation only included OH− and CO3

2− (the ratio between these two ani-
ons is ca. 1 : 1) [52]. These studies indicated that HCO3

−/CO3
2− can be removed from 

AEM to achieve the self-purging process. In addition, the ohmic resistance of AEM 
in HCO3

−/CO3
2− form decreased at high current density during the fuel cell test. 

The start-up of the fuel cell can be operated for a short time under high current 
density/low voltage to remove HCO3

−/CO3
2− anions [33], and the MEA should be 

assembled using AEMs in OH− form to achieve high performance.

14.4.2  Increasing the Current Density to Improve the Outlet of CO2

The current densities have a great effect on the performance of fuel cells: as the cur-
rent densities increase, the CO2 flow rate at the anode outlet increases [49, 55], which 
indicates that less CO2 accumulated in the AEMFC. At low current density, the 
anode overpotential (operated with pure H2) of the fuel cell was significantly affected 
by CO2 fed to the cathode. In addition, the rate of the ORR in the cathode increases 
with the increase of current densities, and the self-purge mechanism is the process of 
removing HCO3

−/CO3
2− from the AEMFC under high current conditions. Moreover, 

AEMFC at low currents
or high level CO2 environments

AEMFC at high currents
or high level CO2 environments
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Figure 14.5  The self-purging process of AEM under different current densities. When at 
low current density, OH− is slowly formed in the cathode, but quickly converted into HCO3

−/
CO3

2− (a), whereas at high current density, OH− formation surpasses the carbonation 
process, and HCO3

−/CO3
2− is released at the anode as CO2 (b). Source: Reproduced with 

permission [42]. Copyright 2018, Wiley. 
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the ohmic resistance of AEM fuel cells decreased at high current density, according 
to previous reports. 

14.4.3  Filtered the Feeding Air

Owing to the effect of CO2 on fuel cell performance, the most effective way is to fil-
ter the feeding air. All the experiment results indicated that the performance of the 
AEMFC operated under pure H2/O2 is largely higher than that of ambient air,  
and there is an urgent need for alternative technologies and novel materials for 
energy- and cost-effective oxygen separation from air. Zeolite molecular sieves 
Ag-ETS-10 have been used for O2 adsorption and separation [56], and the purity of 
O2 can exceed 99.7% after the separation of air. In addition, solid-state adsorbents of 
crystalline metal–organic frameworks (MOFs) with a high surface area have also 
been reported for O2 separation. A redox-active organometallic molecule, ferrocene, 
was used as a precursor to form O2-selective Fe2+ species within a thermochemically 
stable, highly porous MOF, MIL-101 (materials from Institute Lavoisier [MIL]) to 
improve O2-adsorption and O2/air-separation selectivity at room temperature [57]. 
The as-prepared material was exceptionally selective toward oxygen, but showed 
almost rare absorption of nitrogen, argon, and carbon dioxide, indicating great O2 
separation ability. In addition, a novel MOF-based composite membrane (PAN-γ-
CD-MOF-PU membrane) was successfully fabricated by a facile and fast spin- 
coating method [58]. The formation of a unique γ-CD-MOF layer greatly improved 
the separation ability of CO2, and the selectivity of CO2/O2 is 154.28. New strategies 
should be focused on the mitigation of carbonate formation and the influence of 
CO2 more efficiently through developments in materials science and fuel cell opera-
tion protocols. 

14.5   The Improvement of AEMFC Output

In only a decade, the reported AEMFC performance showed significant improve-
ments. This striking performance improvement is mainly owing to the increased 
progress made in the development of AEMs with higher anion conductivity.

14.5.1  Electrode Optimization

The CL has great influences on the cell performance, which is composed of the cata-
lyst, ionomer, and interface. In comparison with the optimization of operating con-
ditions, the design of CL components and their morphological structure is crucial 
for optimizing the mass transfer and catalytic performance of the fuel cell  [17]. 
Unlike PEMFCs, the electrode optimization of AEMFCs is more difficult. Nafion® 
possesses unique membranes and ionomers, while there is no standard commercial 
membrane and ionomer with high performance for AEMFCs. Generally, there are 
two effective methods to prepare the AEMFC CL. The commonly used method is to 
disperse catalyst particles with dissolved anionic polymers to produce the catalyst 
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ink. This method is highly dependent on the removal of solvents to construct the 
physical structure of the ionomer and combine it with the catalyst. If the solvent is 
not suitable or the solvent is not completely removed, it will affect the density of the 
CL or the structure of the ionomer, which is not conducive to ion transport [59]. 
Only a few groups can obtain a peak power density of more than 1000 mW cm−2 
through this method. The second method is to integrate the large solid PTFE, iono-
mer particles, and catalyst to fabricate the electrode. Such solid ionomers are rarely 
used, and only grafted and quaternized ETFE powders by radiation have been 
reported [18]. The advantages and disadvantages of these two methods are not fully 
understood. Moreover, the different methods need to be further explored to opti-
mize the catalyst interface and fuel cell performance. 

14.5.2  Catalyst Optimization

The anode and cathode CLs are positioned at the place where the chemical reac-
tions take place. The CL acts as an active surface for the electrochemical reactions 
as well as a transport site for reactants and products of chemical reactions. AEMFCs 
enable the utilization of non-precious metal catalysts, which can further decrease 
the cost. However, the output of AEMFCs with non-precious metal catalysts has 
been inferior to that of platinum-group metal catalysts. In recent reports, AEMFCs 
used Pt–Ru/C at the anode and Pt/C at the cathode, indicating the obvious improve-
ment of cell performance [32, 60]. Li and coworkers successfully synthesized non-
platinum metal catalyst-carbon supported Ag nanoparticles (Ag/C) by a solution 
phase-based nanocapsule method [61]. A single H2/O2 cell performance with the 
Ag/C cathode catalyst demonstrated an open circuit potential of 0.98 V and a peak 
power density of 190 mW cm−2 at 80 °C, indicating the resulted catalyst was a prom-
ising and an alternative non-precious metal catalyst. Silver nanowires (Ag NWs) 
were synthesized using the polyol synthesis method, which demonstrated an 
extraordinarily high electrocatalytic activity toward the ORR in a three-electrode 
cell [62]. A peak power density of 164 mW cm−2 at 60 °C was achieved under the use 
of supportless Ag NWs as the cathode catalyst in an H2/O2 single cell. In addition, a 
novel and promising non-precious metal catalyst containing cobalt sulfide (Co–S) 
and graphene was synthesized and used as the cathode catalyst to fabricate the 
MEA in AEMFC [63]. A peak power density of 31 mW cm−2 was achieved at 30 °C 
under ambient pressure and still needed to be further improved. 

14.5.3  Optimization of Operation Conditions

Besides the intrinsic property of AEM, it is worth noting that the performance of the 
fuel cell could be greatly affected by the operating conditions [6]. For example, the 
B-C30%-P AEM reached 197 mW cm−2 at 80 °C, whereas 152 mW cm−2 was obtained 
at 60 °C under a similar condition [64]. 1% GA membrane with 0.1 MPa backpres-
sure showed the peak power density of 179 mW cm−2, whereas the output of 
146 mW cm−2 was achieved under no backpressure condition [65]. The application 
and significance of backpressure in AEMFCs have been widely studied by several 
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researchers [66, 67]. The result of adding backpressure to the cathode side was a 
clear increase in performance. In addition, the operation of fuel cells under low 
relative humidity (RH) conditions gives substantial cost and performance bene-
fits [68]. Such conditions are particularly desirable for automotive applications in 
which the size of the radiator and humidity are critical cost factors for an efficient 
fuel cell system. Nonetheless, it is not currently feasible to operate AEMFCs at low 
RH conditions because current materials for MEA cannot provide sufficient water 
for the ORR [69]. Based on this, further effort should be focused on the optimization 
of catalyst binder, MEA structure, and operating conditions in subsequent research. 

14.6   Conclusions

AEMFC is a promising fuel cell technology, which can enable the future use of 
low-cost cells and non-precious metal catalysts. Recent work has shown that 
AEMFCs can achieve comparable initial performances to those of state-of-the-art 
PEMFCs. However, one of the major challenges is the lack of commercially avail-
able ionomers that could meet the general requirements of AEMFCs. Ionomers 
are expected to play a key factor for the output of AMECs, and more efforts should 
be focused on the ionomer conductivity, durability, and cost. In addition, while a 
fuel cell is operated in ambient air, the OH− formed in the cathode electrode can 
react with the ambient CO2 to form HCO3

− or CO3
2− anions, which significantly 

affect the cell performance. The presence of carbonates and bicarbonates is an 
issue that must be addressed to achieve high-performance AEMFCs. Studies on 
how to eliminate the effects of carbon dioxide in fuel cells are still required. This 
chapter summarizes the advancements of ionomers and carbonation elimination 
in AEMFCs, and it is important for researchers in the field to develop new strate-
gies to limit the impact of effects and design ultrahigh-performance AEMFCs 
operating in ambient air.
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15.1  AEMs in Alkaline Water Electrolysis

Hydrogen (H2) is widely accepted as the core of the world’s energy architecture of the 
future and is considered the cleanest fuel. Alkaline water electrolyzers (AWEs) and 
proton exchange membrane water electrolyzers (PEMWEs) are commercially avail
able for the hydrogen processing industry. AWEs are a well‐established technology, 
which use an alkaline solution as the liquid electrolyte, a porous diaphragm separa
tor, and platinum group‐free electrocatalysts for hydrogen evolution reaction (HER) 
and oxygen evolution reaction (OER). The history of the production of H2 through 
AWE technology spans over 100 years, dating back to when Dmitry Lachinov devel
oped the first industrial AWE device [1]. Commercial porous diaphragm Zirfon was 
used in traditional AWEs as the separator between electrode compartments to isolate 
the hydrogen and oxygen gases and to prevent the direct contact of the cathode and 
anode [2]. However, it suffers from low efficiency of hydrogen production, leakage of 
the electrolyte, reduced voltage efficiency, as well as other problems [3]. Water elec
trolysis based on a solid polymer electrolyte membrane has a compact cell design, as 
shown in Figure 15.1. It enables the production of pressurized H2 while reducing 
further compression and storage costs  [4]. However, PEMWE operates under an 
acidic environment and relies on expensive noble metal catalysts and perfluorosul
fonic acid (PFSA) membranes (e.g. Nafion), which increases the cost of H2 produc
tion and limits large‐scale H2 production applications.

As an alternative to traditional AWEs or PEMWEs, anion exchange membrane 
water electrolyzers (AEMWEs) hold several advantages. For example, the AEMWE 
uses inexpensive non‐noble metal catalysts (e.g. Ni and Cu), simple electrolytes (like 
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low‐concentrated alkaline solution or distilled water to replace the use of highly 
corrosive electrolytes), cheap membranes, and construction materials and sustains 
high current densities which are comparable to those of PEMWE [3, 5]. As a crucial 
component of the AEMWE, the anion exchange membranes (AEMs) play an impor
tant role in determining the electrolysis performance and long‐term stability of the elec
trolyzer. An ideal AEM should provide low ohmic and contact resistances, improved 
stability, low gas crossover, and good mechanical and chemical stabilities [6].

15.1.1 Working Principle

Generally speaking, water splitting technology involves a fuel cell working in reverse 
mode. The zero‐gap AEMWE cell, as illustrated in Figure 15.1, consists of an AEM 
and two electrodes [3]. Pure water or dilute alkaline electrolyte solution (e.g. K2CO3, 
NaOH, or KOH) is typically provided in both anode and cathode chambers. The 
AEM is located in the middle of the electrolyzer and serves as a selective medium to 
transport OH−, while separating the anode and cathode compartments. Water is 
converted into H2 gas and OH− ions at the cathode by combining electrons. The 
OH− ions are transported through the AEM toward the anode and are converted 
into water and O2 via the OER, releasing the electrons. During this water splitting 
process, the OER and HER occur at the anode and cathode, respectively.

The overall electrochemical processes in AEMWE are as follows:

Cathode reaction H O e H OH V
Anode reaction

: .
:

2 2 2 0 8282 2 0E
22 1 2 2 0 401

1 2
2 2 0

2 2 2

OH O H O e V
Overall reaction H O H O

/ .
: /

E
E00 1 23. V

0.5 O2 H2

H2O

OH–

e–e–

Anode MEA Cathode

H2OH2O

Figure 15.1 Schematic diagram of an AEMWE.
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15.1.2 Research Progress of AEMs for AEMWE

Several kinds of AEMs have been reported for the AEMWE. Cationic groups like 
quaternary ammonium or imidazolium are normally attached to the polymer back
bones to fabricate the AEMs. Commercially available AEMs such as A201 (Tokuyama), 
Fumasep® (Fumatech), Aemion™ (Ionomr), Sustainion® (Dioxide Materials), and 
Orion TM1 (Orion Polymer) are currently widely used in alkaline water electroly
sis [7]. For example, Tokuyama‐A201 demonstrated a high conductivity of 32 mS cm−1 
at 30 °C and could achieve a current density of 399 mA cm−2 at 1.8 V when assem
bled in an AEMWE running with deionized water at 50 °C (Figure  15.2a)  [8]. 
Furthermore, Comotti and coworkers  [11] found that electrolysis based on A201   
membranes with non‐platinum catalysts run continuously for at least 1000 h, which 
confirms its high chemical and mechanical stability. The relatively low‐cost 
Fumasep® FAA‐3‐PK‐75 membrane, which is composed of quaternary ammonium‐
functionalized polyketone‐based polymer materials, is also a potential candidate for 
the AEMWE. For example, Lim et al. [12] found that FAA‐3‐PK‐75‐based AEMWE 
showed a current density of 983 mA cm−2 at 1.8 V (90 °C) by using standard noble 
catalysts. But the performance of FAA‐3‐50‐based AEMWE using a non‐noble 
NiMn2O4 catalyst showed a significant voltage decay after operating at 50 °C for 
1000 h, as investigated by Carbone’s group [13]. For a better comparison, Bessarabov 
and coworkers  [9] systematically studied the long‐term stability performance of 
three commercial AEMs, as shown in Figure 15.2b, A201 exhibited high stability, 
while the FAA‐3 became mechanically weak due to strong swelling. This work indi
cated that mechanical stability seems to be a big issue for AEMs applied in water 
electrolysis. Even though, Sustainion® membranes as depicted in Figure 15.2c have 
shown improved long‐term performance for AEMWE applications [10]. But the fact 
is they are still far from the durability requirement of the AEMWE. As the target 
stability requirement for AEMs in the NEWELY project, the membrane area‐ 
specific resistance should be ≤ 0.07 Ω cm2 after 2000 h real or simulated operation in 
an electrolyzer [7].

Functionalized polymeric material AEMs based on polysulfone [14], poly(vinyl 
benzyl chloride) [15], polystyrene [16], polyaromatics [17, 18], etc. have been recently 
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Figure 15.2 Long-term performance of commercialized AEM-based water electrolysis.  
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explored for applications in the AEMWE. For example, the group of Zhuang devel
oped an AEM electrolyzer using self‐cross‐linking quaternized polysulfone (QPSU) 
and non‐precious metal catalysts [19]. This was the first time that the AEMWE used 
pure water, achieving a current density of 400 mA cm−2 at 70 °C under a cell voltage 
of 1.8–1.85 V. Later on, the effect of cations on AEMWE performance was studied by 
the group of Ramani [20]. A series of AEMs based on functionalized polysulfone 
with three different cationic groups (quaternary ammonium and imidazolium 
groups) were fabricated. The study showed that the trimethylammonium‐functionalized 
polysulfone‐based AEMWE had the highest performance (a 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 severe AEM 
chemical degradation. The reason is that the chemical structure of the sulfone group 
in polysulfone‐based AEMs is an electron‐withdrawing group which has a negative 
effect on the membrane stability [21]. Besides, the cationic groups close to the poly
sulfone backbone further trigger the degradation reaction since trimethylammo
nium is also an electron‐withdrawing group [22]. A better AEMWE performance 
was achieved by using low‐density polyethene‐based AEMs, which were prepared 
by UV‐induced grafting of vinylbenzyl chloride and quaternization with 
1,4‐ diazabicyclo(2.2.2)octane  [23]. A constant hydrogen production rate of about 
30 cc min−1 over more than 500 h was obtained with a membrane electrode assembly 
(MEA) area of 5 cm2. This electrolysis performance is higher than that of the com
mercial membrane from Tokuyama. However, the problem of low long‐term stabil
ity still needs to be further improved for future AEMWE applications in harsh 
alkaline condition.

There are many studies showing that AEMs containing aryl‐ether bonds (like 
poly(sulfone) and poly(ether ketone)) degrade severely under alkaline conditions, 
while AEMs with ether‐bond‐free backbones (like poly(aromatic), poly(olefin)) 
remain stable [24]. To confirm this, a series of twisted ether‐free poly(arylene piperi
dinium) AEMs used in the AEMWE were developed by the Yan group [25]. These 
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 hardly 
changed while continuously working for 500 h. A further systemic investigation on 
the performance and durability of these polymers with an ether‐bond‐free back
bone was conducted by Prof. Yu Seung Kim’s group [18, 26]. The chemical struc
tures of these ether‐bond‐free polymers are shown in Figure  15.3a. The study 
showed that the best electrochemical performance was based on a poly(phenylene) 
(HTMA‐DAPP) membrane with a poly(fluorene) (FLN55) ionomeric binder when 
the electrolysis was run at a current density of about 1 A cm−2 at 2 V fed with 1 wt% 
K2CO3 solution [18]. The durability of HTMA‐DAPP AEM in Figure 15.3b shows a 
stable cell performance with a voltage decay rate of ~1 μV h−1. In this case, there are 
no signs of cross‐cell leakage or electronic‐short failures for currents up to 2 A cm−2. 
Their study also demonstrated that ionomeric binders have a remarkable influence 
on the AEMWE performance. As depicted in Figure  15.3c, the electrochemical 
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oxidation of the adsorbed phenyl group can be observed when the ionomer containing 
a benzene ring makes contact with the catalyst. The AEMWE employing trimethyl 
alkylammonium‐functionalized poly(styrene‐ethylene‐b‐styrene) triblock copolymer 
AEM with an FLN55 ionomer showed a more stable performance than with the HTMA‐
DAPP ionomer (Figure  15.3d)  [26]. Thus, for future development of the AEMWE, 
AEMs with ether‐bond‐free backbone and ionomer design based on polyolefin com
bined with the investigation of ionomer and catalyst interactions are urgently needed.

15.1.3 Summary and Future Perspectives

Although great progress has been made in developing AEM materials, the corre
sponding AEMWE processes are still far from the performance of the PEMWE. The 
ion‐solvating membrane based on polybenzimidazole (PBI, as shown in Figure 15.4, 
neither a porous diaphragm nor an AEM that attains its high conductivity from a 
homogeneous ternary electrolyte system of polymer/water/KOH) was recently 
developed for high alkaline stability membranes for the AEMWE [27]. The challenge 
of balancing the ionic conductivity and mechanical stability of AEMs at present 
could be improved by the introduction of micro‐phase‐separated structures, cross‐
linked structures, and polytetrafluoroethylene (PTFE)‐reinforced structures [26, 28]. 
Besides, membranes with acid–base electrolytic hydrogenation technology may also 
be an important direction for future development of AEMs [29, 30] with the increasing 
concern on membrane chemical stability, especially for the AEMs operated at high 
pH, temperature, and voltage for a long time  [20]. The design of AEMs based on 
ether‐bond‐free backbones and cationic groups with steric hindrance could greatly 
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improve the stability of the membranes. Ionomers with non‐rotatable phenyl groups, 
such as fluorene or carbazole, that have lower phenyl group adsorption energy, are 
attractive for the further improvement of the overall AEMWE performance. Still, 
understanding AEM degradation mechanism, using less expensive materials (cata
lysts and membranes), and focusing on ionomer and catalyst interactions are needed 
in the future to achieve long‐lasting AEMWEs with highly efficient hydrogen pro
duction capabilities.

15.2  AEMs in CO2 Electrolysis

Besides the applications involving hydrogen production, AEMs can also be used as 
an ion conductor and separator for the electrocatalytic reduction of CO2. The elec
trochemical conversion devices are similar to a water electrolysis cell, but with dif
ferent feeds for the anode and cathode. Figure 15.5 shows the electrolyzer diagram 
for the electrochemical reduction of CO2 to CO. As one of the most promising 
approaches in the broad scheme of carbon capture and utilization, CO2 can be con
verted into organic feedstocks such as formic acid (HCOOH), carbon monoxide 
(CO), methane (CH4), ethylene (C2H4), and ethanol (C2H5OH) through CO2 elec
trolysis (CO2E) [31, 32].

The overall electrochemical processes in CO2E are as follows:

Cathode reaction CO H O e CO OH
Anode reaction OH

:
: /

2 2 2 2
2 1 22 2

1 2
2 2

2 2

O H O e
Overall reaction CO CO O: /

Several kinds of commercial AEMs, including Sustainion® X37~50 Grade T, 
Sustainion® X37~50 Grade 60, and Fumasep® FAA‐3‐20, were investigated for elec
trochemical CO2 reduction [33]. Among them, Sustainion® X37~50 Grade 60 dem
onstrated the highest Faradaic efficiency of 72.7% (at 88 mA cm−2) and energy 
efficiency of 19.9% (at 4.2 V). However, the Sustainion® membrane is prone to the 
crossover of CO2 products at high current densities. To some degree, the energy 
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efficiency is still low since the anode needs a high overpotential for water oxida
tion [34]. Besides, commercialized AEMs often suffer from low OH− conductivity 
and poor chemical stability under alkaline condition.

The group of Zhuang largely contributes to the development of AEMs for 
CO2E. They developed a CO2 electrolyzer based on highly conductive and stable 
quaternized poly(N‐methyl‐piperidine‐co‐p‐terphenyl) (QAPPT) membranes  [35]. 
The QAPPT membrane exhibits higher conductivity (137 mS cm−1 at 80 °C) and is 
more stable under alkaline conditions than the commercialized Sustainion® mem
brane. 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%. Recently, the group of Varcoe developed a series of radiation‐
grafted AEMs with high ionic conductivity and durability for CO2E [36]. The AEMs 
with the benzyl‐N‐methylpiperidinium head group was assembled in a CO2 electro
lyzer and operated for 200 h at 150 mA cm−2 and showed a high CO selectivity of 
80% at around 3.1 V. Since there are still no commercially available AEMs for CO2E 
and there are only a few AEMs developed for CO2E, further studies on design of 
high‐performance AEMs are required in the future. The research on novel AEM 
materials for CO2E should focus on reducing CO2 and product crossover, and 
improving chemical stability and mechanical properties.

15.3  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 [37]. The energy capacity of the system is directly proportional to the con
centration of the active redox species and electrolyte volume, while the number of 
cells in the stack and electrode area determine the system power. As the energy is 
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Figure 15.5 Schematic diagram of a CO2E.
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stored in fluid materials, RFBs act more like a regenerative fuel cell than a conven
tional battery [38]. The technology of RFBs has passed over 100 years since it was 
initially developed in the United States  [39]. Now, there are various flow battery 
systems in 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 important role in VRFBs, wherein the membrane works as a separator to avoid 
the mixing of the charged vanadium species and prevent battery self‐discharge [38]. 
An ideal membrane should have high proton conductivity, limited water migration, 
low swelling ratio, low vanadium permeability, good stability, and low cost [40].

The membranes in VRFBs can be divided into ion exchange membranes (IEMs) 
and non‐ionic porous membranes [41]. Normally, a porous membrane has low ionic 
resistance in concentrated electrolyte solutions and is inexpensive [42]. 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 porous 
membranes  [43]. Considering the membrane costs, large‐scale grid systems of 
VFRB based on PEM (e.g. Nafion) are limited. AEMs with positively charged func
tional groups are attractive alternatives to PFSA membranes since they repulse posi
tively charged species from the membrane, owing to the Donnan exclusion 
mechanism [44, 45]. 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 the charged electrolyte [46].

15.3.1 Working Principle

Basically, in the VRFB system, vanadium species undergo chemical reactions to 
various oxidation states via reversible redox reactions and converted into electricity 
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Figure 15.6 Schematic diagram of a VRFB.
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directly  [47]. The electrolyte solution in VRFBs typically contain 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 discharging pro
cesses of VRFB using an AEM are illustrated in Figure 15.6. During charging, the 
positive electrode contains V3+ ions, while the negative side hosts V2+. During dis
charging, reduction occurs at the cathode and oxidation occurs at the anode. H+ 
along with SO4

2− and HSO4
− diffuse across the AEM [46]. The positive charged group 

in AEMs could repel charged V species via the Donnan effect. The AEM should pos
sess high SO4

2− and HSO4
− permeability, leading to preferential water transfer 

through the membrane.
The overall electrochemical processes in the VRFB are seen as follows:

Cathode reaction V e V
Anode reaction VO H O H VO
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Overall reaction VO H O V H VO V:

15.3.2 Research Progress of AEMs for VRFBs

The VRFB cell performance using commercial AEMs (including AHA and AFN 
membranes from ASTOM Co. and APS from Asahi Glass Co.) has been investigated 
by Choi et al. [48] It was found that the AFN membrane showed a higher current 
efficiency (96.1%) than Nafion 117 (93.1%) in the VRFB system, indicating its poten
tial as a separator for VRFB. Moreover, Hwang and Ohya [49] introduced a cross‐
linked structure into the commercial AEM (Selemion™ type II‐b) using accelerated 
electron radiation, and an overall energy efficiency of 82% was achieved. The long‐
term stability 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. The group of Yang developed a 
series of novel AEMs with long side chains and without ether bonds in the back
bone for VRFB [50]. The poly(p‐terphenyl‐N‐methylpiperidine)‐quaternary ammo
nium membrane exhibited much higher ion selectivity than Nafion 115. The 
corresponding VRFB demonstrated a Coulombic efficiency above 99% at current 
densities of 80–160 mA cm−2. Yun et al. [51] evaluated the feasibility of using quat
ernized 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 cati
onic groups for QPEK‐C AEM was observed using nuclear magnetic resonance 
(NMR) after operation for 100 h. In order to improve the stability of the cationic 
groups, Xing et al. [52] developed imidazolium cation‐based polysulfone (PSf‐Im) 
AEMs for VRFB (Figure 15.7). 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 SO4/3 M H2SO4 solution for 90 days) and in situ (cycling at a cur
rent 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 continuous operation for 3638 h (4800 cycles), 34% of energy 
efficiency was lost.
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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.  [53] 
reported a quaternized PBI‐based AEM that contained a long flexible side‐chain 
with well‐controlled morphology, as shown in Figure  15.8. 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 have 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 for 400 times with the 
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cut‐off voltage controlled between 1.00 and 1.65 V, demonstrating good stability of 
PBI‐based AEM in VRFBs. More efforts to efficiently improve the performance of PBI 
membranes was conducted by Chen et al. [54]. Dual‐proton transport channels were 
proposed by introducing pyridine groups (channel 1) into the PBI (imidazole rings 
channel 2) membrane (Figure 15.8), which facilitates the proton transport across the 
membrane. Donnan repulsion to vanadium ions still provided low vanadium ion per
meability. Accordingly, a Coulombic efficiency of 99% and a voltage efficiency of ~80% 
were obtained, which confirmed its promise for vanadium flow battery.

15.3.3 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 permea
tion in VRFBs, the drawbacks of reduced proton conductivity and poor stability still 
limit their commercial application. Design and preparation of AEMs with micro‐
phase‐separated structures seem to be essential for fabricating highly efficient ion 
conducting pathway and is recommended to solve the issue of low conductivity [55]. 
The issue of long‐term stability is another difficulty that needs to be overcome. 
Stationary energy storage systems often need to operate over thousands of hours, 
while the commonly used aromatic AEMs are prone to degradation [42]. The degra
dation 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 [56, 57]. The PBI‐based AEM material discussed above seems a good candi
date due to its stable backbone structure [53]. Besides, cationic groups with large 
steric hindrance are also suggested to improve the stability of AEMs [52].

Various new types of membranes have been applied to improve the final perfor
mance of VRFBs. For example, amphoteric ion‐exchange membranes (AIEMs) con
tain 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 [58, 59]. Besides, the introduction of inorganic particles like 
zero‐dimensional materials (nanoparticles), one‐dimensional materials (nano
tubes), two‐dimensional materials (nanosheets), and other materials into the mem
branes can improve the mechanical properties while suppressing the crossover of 
vanadium ions and is being explored to achieve high performance [60]. The sulfuric 
acid‐doped PBI porous membrane is another promising candidate for VFRBs 
because acid treatment could improve its proton conductivity [61]. The exploration 
of AIEMs, composites, and acid‐doped membranes in VRFBs is relatively new and 
needs further design and targeted synthesis of membrane materials.

15.4  AEMs in Alkali Metal–Air Batteries

Rechargeable alkali metal–air batteries (AMABs) (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, 
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rechargeable Zn–air batteries (ZABs) are highly promising due to the abundance of 
zinc, minimal environmental impact, and good safety characteristics  [6]. 
Rechargeable ZABs are regarded as promising candidates for energy storage due to 
their high specific energy density, safety, and environmental friendliness  [62]. 
Commercial recharge able 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 the separator, leading to an increase in cell polarization and 
decreased battery cycling efficiency [63]. The utilization of AEMs in rechargeable 
ZABs was suggested to solve this problem. There are some advantages of using 
AEMs: (i) reducing dendrites; (ii) avoiding leaching of catalysts; and (iii) preventing 
zincate ion permeation (Zn(OH)4

2−)  [64]. For practical applications, the AEMs 
should have high ionic conductivity, low zincate permeation, and good chemical/
electrochemical stability. However, the use of AEMs in rechargeable ZABs is 
restricted by their poor long‐term stability in strong alkaline conditions: a problem 
similarly limiting their applications in AEM fuel cells [61]. Normally, a typical AEM 
exhibits a 10% loss in performance after 1000 h, far from the requirements for practi
cal applications [65].

15.4.1 Working Principle

Figure 15.9 illustrates the structure of the rechargeable ZAB cell. The battery com
prises a positive air electrode, an AEM, and a negative zinc electrode as sem bled in 
an alkaline electrolyte. During discharge, the zinc metal is oxidized and converted 
to soluble zincate ions (e.g. [Zn(OH)4]2−). The zincate ions decompose into insolu
ble zinc oxide when the zincate ion becomes supersaturated in the electrolyte. During 
charging, the reaction proceeds in the opposite direction.

Anode AEM

OH–e– e–

Zn

Zn (OH)4
2–

O2

OH–

H2O

Cathode

Figure 15.9 Schematic diagram of a 
rechargeable ZAB.
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The overall electrochemical processes in the rechargeable ZAB are seen as follows:
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15.4.2 Research Progress of AEMs for rechargeable ZABs

There are only a few reports regarding the practical applications of the AEMs in 
AMABs. Commercialized AEMs, like 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 [66]. This was ascribed to the loss of water, which caused a decrease 
in ionic conductivity and resulted in high ohmic resistance of the battery [67]. A 
second reason for the decreased conductivity concerns the cationic groups in the 
AEMs which may have been partially degraded under highly concentrated alkaline 
conditions [6].

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.  [67] 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 
than that of ZAB based on the A201 membrane (33 mW cm−2). Low zincate diffu
sion 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. [68] where the functionalized poly(phenylene oxide) 
AEM with various cationic groups was used. Moreover, the AEMs demonstrated 
good alkaline stability in 7 M KOH solution at 30 °C for at least 150 h. The group of 
Tsehaye developed the ultraviolet curing method to prepare AEMs (PPO‐6CH2‐3x) 
from hexyl diallyl ammonium‐grafted PPO and the diallyl piperidinium [69]. A high 
conductivity of 10 mS cm−1 at 20 °C and a low zincate ion diffusion coefficient of 
2.3 × 10−12 m2 s−1 were achieved for the PPO‐6CH2‐3x membrane. The membrane 
was assembled in ZAB and exhibited a maximum power density of 153 mW cm−2, 
making it a promising membrane material for ZABs.

As mentioned earlier, the conductivity of the AEMs can be improved by developing 
AEMs with hydrophilic/hydrophobic phase‐separated morphologies. Wang et al. 
[70] prepared poly(vinyl alcohol)/guar hydroxypropyltrimonium chloride (PGG‐GP) 
AEMs. A high conductivity of 123 mS cm−1 was obtained at room temperature due to 
the construction of a microphase‐separated structure. Furthermore, the flexibility of 
PGG‐GP AEM made it possible for use in flexible ZABs. A 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) were achieved. Instead, flexible AEMs are used for the application 
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of flexible 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 
Figure 15.8 [27]. Here, these membranes are normally classified as gel polymer elec
trolyte (GPE) [71]. Most GPEs are based on polyvinyl alcohol (PVA) or polyacrylic 
acid (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 degrada
tion of battery operation (more than 6 M KOH electrolyte is needed). Further crosslink
ing or replacing KOH with tetraethylammonium hydroxide may be needed [62, 71, 72]. 
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− [62].

15.4.3 Summary and Future Perspectives

Although the promise of AEMs for rechargeable ZABs has been identified for a long 
time, it still remains unclear whether AEMs are applicable in ZABs. The standardized 
testing methodologies are still lacking for evaluating the key properties of AEMs. The 
main challenge for the application of AEMs in rechargeable 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 temperatures and low humidity condi
tions, this problem seems less severe. Similar strategies as those developed for fuel 
cells can be adopted for alkaline‐stable AEMs in rechargeable ZABs, as shown in 
Figure  15.10  [64]. Considering the impressive progress of high‐performance AEM 
materials in fuel cells, a promising potential can be foreseen toward the development 
of low‐cost and stable AEMs for rechargeable ZABs.

Strategies used to improve alkaline stability of anion-exchange membranes

Use more stable cationic groups
Selection of an adequate polymer

backbone structure

Microphase separation between
the hydrophilic and hydrophobic

domains

Maintain a high hydration level

Graft an alkyl long chain onto the
polymer backbone

Well-separated hydrophilic
nanochannels and hydrophobic

domains

Removing electron-withdrawing
components

Synthesize polyaromatic AEMs
free of any aryl ether bonds

Use C–C polymers backbones

Substituted imidazolium

Alkyltrimethylammonium

N-spirocyclic quaternary
ammonium

Figure 15.10 Strategies used to prepare alkaline stable AEMs. Source: Tsehaye et al. [64]/
MDPI/CC by 4.0/Public Domain.
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15.5  AEMs in Reverse Electrodialysis

Reverse electrodialysis (RED) technology can be used to harvest energy directly 
from salinity gradients [73, 74]. In 1954, Pattle first developed the RED technology 
and proved that energy can be harvested through mixing river water with seawa
ter [75]. Then, Weinstein used a simple mathematical model to prove the feasibility 
of power transfer from RED [76]. Normally, the AEMs are combined with cation 
exchange membranes (CEMs) in a RED cell. AEMs are used to selectively transport 
anions, while CEMs transport cations.

15.5.1 Working Principle

A schematic illustration of a RED cell for energy harvesting is shown in Figure 15.11. 
The working principle of RED relies on the electrochemical equilibrium of the co‐ion 
exclusion theorized by Zoungrana  [77]. Basically, IEMs are stacked together in an 
alternating pattern between a cathode and an anode with fresh water and salt water 
flowing between the IEMs [78]. An electrochemical potential difference between the 
various water streams drives the cations through the CEMs and the anions through 
the AEMs. The transported ions are converted into electrons through a reversible 
redox reaction at the electrodes.

15.5.2 Research Progress of AEMs for RED

Since the AEMs in RED cells are commonly in the Cl− form, the membrane resist
ance is higher than that of the AEMs used for fuel cells which are in the OH− form. 
Dlugolecki et al. [79] compared the RED performance using various commercialized 
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Figure 15.11 Schematic diagram of a 
RED cell.
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AEMs, such as Fumasep®, Neosepta®, Ralex®, and Selemion™ mem branes. The best 
benchmarked commercial AEMs reach a power density of more than 5 W m−2, indi
cating a higher power density can be obtained by using AEMs with low membrane 
resistance and high permselectivity. However, the preferred membrane area resist
ance is lower than 1–2 Ω cm2, and permselectivity higher than 95% seems difficult to 
improve.

Güler developed two homogenous AEMs based on polyepichlorohydrin (PECH) 
with various amounts of chlorine (PECH‐H, 37 wt% and PECH‐C, 25 wt%) [80, 81]. 
It was found that there was a statistical correlation between the thickness of the 
membrane and its area resistance. The PECH‐C‐based AEM demonstrated a power 
density of 0.316 W m−2 in a RED system. A low area resistance ranged from 0.82 to 
2.05 Ω cm2, and high permselectivities ranging from 87 to 90% were obtained using 
0.017 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) [81]. Most recently, Cho et al. [82] intro
duced three kinds of cationic groups (tetramethyl ammonium, 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.  [83] devel
oped poly(ethylene)‐reinforced AEMs based on crosslinked quaternized polysty
rene 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 maxi
mum power density of 1.82 W m−2, which is higher than that of the AMV 
(Selemion™) membrane (1.50 W m−2).

15.5.3 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 higher flow rates or thinner spacers are applied [84]. Therefore, 
the enhancement of membrane properties would definitely be one of the main chal
lenges for developing high‐performance RED cells. Instead of flat AEMs, tailor‐
made AEMs like ridges, waves, and pillars are widely used in RED [85]. Besides, 
cheaper pseudo‐homogeneous, porous, grafted, and other types of membranes were 
studied [85]. 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 [86]. 
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 fresh water is quite low, and 
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it seems that RED may not be an ideal technology for energy harvesting. Alternative 
processes like pressure‐retarded osmosis provide better large‐scale efficiencies [87, 88].

15.6  AEMs in Electrodialysis

Electrodialysis (ED) is a separation technology used in various industries, including 
the chlor‐alkali process, demineralization of saline water, and waste water treat
ment [89]. In 1890, Maigret et al. first developed ED to demineralize sugar syrup using 
carbon as the electrode and permanganate paper as the membrane. Then, Juda et al. 
developed IEMs for ED in 1950 [90]. ED was considered a mature desalination tech
nology for over 50 years [91]. During ED, no phase change occurs and the ED technol
ogy has advantages of simple operation, small footprint, and low pretreatment 
requirements  [92]. The specific requirements for the AEMs used in ED process 
include high permselectivity, especially the selectivity between monovalent and biva
lent anions [93].

15.6.1 Working Principle

Figure 15.12 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 the anode to fabricate 
an ED cell. AEMs and PEMs act as barriers for cations and anions, respectively. The 
cathode and the anode of the ED cell then deliver a direct current (DC) electric field to 
migrate the charged ions through the IEMs, obtaining enriched and diluted outlet 
streams [90]. 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 replace
ment of concentrate compartments [94].
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Cl– Cl–
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Figure 15.12 Schematic diagram of an 
ED cell.
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15.6.2 Research Progress of AEMs for ED

Commercially available AEMs such as ACS (Astom, Japan) have been applied in 
ED processes  [95]. The separation factor of Cl−/SO4

2− is low (about 0.4), which 
needs to be further improved for a more efficient separation process [96]. In order 
to improve the separation factor for Cl−/SO4

2−, Goel et al. [97] prepared a series of 
crosslinked CrPSf‐x AEMs based on chloromethylated polysulfone and 
1‐4‐ diazabicyclo[2.2.2]octane functionalized graphene oxide, as shown in 
Figure 15.13. The AEM becomes dense after crosslinking and thus may differenti
ate the ions via the size sieving effect. The ED performance was studied by 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 Fumasep®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 main
tained other parameters constant (e.g. applied current density, flow rate, temperature, 
and feed volume), which has the potential to replace the use of commercial AEMs.

Khan et al. [98] developed new AEMs for ED from brominated poly(2,6‐ dimethyl‐1,4‐ 
phenylene oxide) (BPPO) and dimethylethanolamine (DMEA). The IEC of the pre
pared membranes ranged from 0.6 to 1.38 mmol g−1. Two AEMs named DMEA‐10 and 
DMEA‐15 were selected for desalination in ED cells and showed better ED perfor
mance 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 mmol g−1) [99]. 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%). The group of 
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Chattopadhyay used poly(vinylidenefluoride) (PVDF)‐blended AEMs to recover car
boxylic acid from binary or ternary mixtures through ED. [100] A current efficiency of 
63.7% and low energy consumption of 5.13 kWh kg−1 could be achieved by using ED.

ED is often used for highly concentrated wastewater treatment, which may lead to 
fouling issues. Surface modification is an efficient method to protect the AEMs from 
fouling [101]. Mulyati et al.  [102] used poly(sodium 4‐styrene sulfonate) (PSS) 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 den
sity of charged groups on the modified membrane surface. A sandwich‐like AEM 
composed of upper/bottom bilayers of polydopamine (PDA) and alternating bilay
ers of PSS/hydroxypropyltrimethyl ammonium chloride chitosan‐nano silver parti
cles (HACC‐Ag Np) was also fabricated by Hao et  al. using the layer‐by‐layer 
method [103]. The modified AEMs with 4.5 bilayers of PSS showed a high permse
lectivity of 5.1 for Cl−/SO4

2−, much higher than that of a commercial Fujifilm mem
brane (0.98). The anti‐fouling property was strongly improved due to the electrostatic 
repulsion and hydrophilicity of PDA in the sandwich structure. In addition, antibac
terial activities were also achieved by anchored silver nanoparticles, showing the 
modified AEM is potentially applicable in ED.

15.6.3 Summary and Future Perspectives

ED is effective in separating ions in the process of 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 
technologies is strongly suggested to remove these pollutants and produce highly puri
fied water [104]. 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 [105].

15.7  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 [106]. 
Considering these methods, membrane technology is regarded as an efficient and 
simple approach to recover acid. In 1861, Burlakova proposed the concept of dialy
sis to separate small molecules from large ones using a semi‐permeable mem
brane [107]. The IEM is employed for dialysis, and the process is defined as diffusion 
dialysis (DD). The first diffusion dialyzer was invented in 1950, and 30 years later, 
the DD technology was applied as an industrial membrane process [108]. DD using 
AEMs has already been widely used in industry for recovering acid because it 
requires low energy consumption, low operation cost, high product quality, and 
environmental friendliness  [108]. The AEMs used in DD contain positive charge 
groups that enable the migration of anions and repel cations. To obtain high DD 
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performance, AEMs should present limited water permeability, high proton perme
ability, and strong rejection of salts [106].

15.7.1 Working Principle

The working principle of DD using AEM for acid recovery is shown in Figure 15.14. 
The anions such as Cl− and NO3

− in the acidic waste solution can transport through 
the AEM, while the cations are blocked owing to the Donnan criteria of co‐ion rejec
tion [109]. 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 in the 
receiving side, while larger size metal cations are kept on the feed side.

15.7.2 Research Progress of AEMs for DD

To date, commercial AEMs such as Selemion™ DSV (Asahi Glass), Neosepta® 
AFX/N (Tokuyama), and DF120 (Shandong Tianwei Membrane Technology Co.) are 
used for acid recovery [108]. 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‐dimenthyl‐1,4‐phenylene 
oxide), and PVA) to fabricate AEMs for acid recovery [110–113]. Afsar et al. [114] 
fabricated a series of AEMs based on bromo‐methylated poly(phenylene oxide) and 
dimethylamino pyridine. The obtained AEMs had proton dialysis coefficients rang
ing 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 membrane 
(18). Sharma et  al.  [115] reported a series of crosslinked poly(2,6‐dimethyl‐1,4‐ 
phenylene ether) AEMs for acid recovery by DD. They found that hydrate functional
ity with a non‐overlapping set of lone pairs on oxygen improved the proton mobility 
via the Grotthuss mechanism inside the membrane. A high HCl recovery efficiency 
of 92.82% and a separation factor of ~117 can be achieved. The group of Lin 
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Figure 15.14 Schematic diagram of a DD cell.
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developed novel AEMs based on a porous chloromethyl polyethersulfone (CMPES) 
membrane substrate and 1,4‐dimethylpiperazine (DMP) for acid recovery [116]. The 
optimal AEM (DPES‐3h) possessed a proton dialysis coefficient of 43.2 × 10−1 m h−1 
and an acid/salt separation factor of 29.6 in simulated HCl/FeCl2 solution at 25 °C, 
exceeding the commercial DF‐120 AEM. These AEMs have the potential for acid 
recovery from industrial acidic effluents using DD.

15.7.3 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. Highly stable fillers can be used for the membrane matrix to 
improve acid recovery and stability. In addition, pore‐filled, nanofiber‐, and 
microporous‐supported AEMs are also investigated for acid recovery. These could 
reduce ion transport resistance and thus improve the acid recovery capacity and 
efficiency [104]. Moreover, the mechanism of ion transportation through the AEMs 
should be further investigated. In order to improve the potential for practical appli
cations of DD technology, various extensions of the technology including applying 
pressure, an electric field, or continuous operation are suggested to integrate DD 
process using AEMs [106].

15.8  AEMs in Microbial Fuel Cells

The conventional methods for wastewater treatment, e.g. flocculation/froth flota
tion, are highly energy‐intensive, complex, and typically environmentally unfriendly 
[117]. Microbial fuel cells (MFCs) are a kind of energy conversion devices which can 
convert the chemical energy of organic matter in sludge or wastewater to electric 
energy using enriched electroactive bacteria  [118]. In comparison to the low‐ 
temperature (<100 °C) polymer electrolyte membrane fuel cells, which rely on 
expensive precious metals as electrode catalysts, the use of microbes in the MFC 
enables lower cost fuel cell devices. The development of MFCs is beneficial to envi
ronmental protection, energy harvesting, and water purification. The first MFC was 
developed by Potter from Durham University–UK in 1911  [119]. After 20 years, 
Cohen succeed in producing stacked MFCs which showed a high voltage of 
35 V. Afterward, the technology of MFCs has grown vigorously  [120]. Normally, 
IEMs work as the separator and ion conductor in MFCs. The state‐of‐the‐art PEMs, 
such as Nafion, are widely used in MFCs. However, the PEMs have the drawbacks of 
pH splitting and inefficient proton transport due to the low proton concentration, 
which limits their practical application for MFCs  [121, 122]. 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 [121]. Therefore, MFCs based on AEMs generally exhibit a higher power den
sity than the MFCs based on PEMs.
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15.8.1 Working Principle

A schematic representation of a typical MFC based on AEMs is presented in 
Figure 15.15. Normally, an AEM‐based MFC is composed of an anode, an AEM, and 
a cathode. In the anode (anaerobic) chamber, the fuel is oxidized by the microorgan
isms 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−and 
CO3

2−) to form monobasic anions (e.g. H2PO4
− and HCO3

−). The monobasic anion 
diffuses from the anode to the cathode through an AEM, releasing the proton to the 
cathode, and then transfer back to the anode chamber as dibasic anion via diffusion 
and electromigration [123].

15.8.2 Research Progress AEMs for MFCs

A few AEMs are designed and prepared for MFC 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 [124]. A maximum 
power density of 610 mW m−2 was reported at a current density of ~0.13 mA cm2, 
which is higher than that of Nafion. Besides, the AEMs provide 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 
those of the Ultrex® AMI‐7001 or Nafion. As an alternative, QPSU was devel
oped [125]. 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) [126], poly(phenylene oxide) 
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Figure 15.15 Schematic diagram of an MFC.
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[122], polystyrene‐block‐poly(ethylene‐ran‐butylene)‐block‐polystyrene)  [127], etc. 
were developed to achieve high‐performance MFCs. Recently, the group of 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 [128]. Their work also confirmed 
that the selectivity of OH− transport through the AEMs without the catholyte is criti
cal to limit biofilm acidification by neutralizing the protons produced at the anode.

15.8.3 Summary and Future Perspectives

Although higher power density can be achieved in an AEM‐based MFC with buffer 
anions, the AEMs still suffer from substrate crossover [121, 124, 129]. This could 
promote biofilm formation on the cathode surface and reduce the MFC perfor
mance. Membranes with high hydrophilicity often show more resistance to biofoul
ing. 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 increased internal resistance of 
MFCs  [130]. The utilization of highly concentrated phosphate buffers in MFC is 
uneconomic, which could increase the cost of treating the wastewater. Bicarbonate 
buffers present an alternative with lower cost and comparable buffering capacity 
compared to phosphate buffer. 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.

15.9  AEMs in Other Applications

Given the increasing applications of recombinant adenoviruses for gene therapy 
and vaccination, AEM‐based devices may play a crucial role in the separation/puri
fication of biotechnological products [131]. Traditional chromatographic methods 
have limitations in terms 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, AEM‐based adsorbers 
or AEM chromatography hold the promise to maintain high efficiencies both at 
high flowrates and for use with large biomolecules that have small diffusivities. 
Their use is also accompanied by reduced protein degradation and denatura
tion [132]. Frequently, ligands containing quaternary amine groups or diethylami
nomethyl (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), Mustang Q1 (Pall Corporation) are com
mercial examples of these [133]. The use of AEMs was described for the purification 
of bacteriophage putative recombination initiation defect 1 (PRD1) from bacterial 
culture and alpha herpesvirus from the cell culture supernatant of porcine kidney 
or Madin–Darby bovine kidney cells  [134]. Regarding proteins, a tremendous 
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amount of literature exists demonstrating the applicability of AEM adsorbers as an 
alternative technique for the concentration and purification of adenoviruses and as 
a promising solution for downstream processing of other viral vectors [135].

15.10  Summary

The applications of AEMs in AEMWE, CO2E, 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 AEMWE, CO2E, 
VRFBs, ZABs, and RED, AEMs with high conductivity and long‐term alkaline sta
bility are crucial. For 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 proper
ties 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.

 Abbreviations

AEM anion exchange membrane
AEMWE anion exchange membrane water electrolyzer
AIEM amphoteric ion‐exchange membrane
AMAB alkali metal–air battery
AWE alkaline water electrolyzer
CO2E CO2 electrolysis
CEM cation exchange membrane
DD diffusion dialysis
ED electrodialysis
IEM ion exchange membrane
MEA membrane electrode assembly
MFC microbial fuel cell
PEM proton exchange membrane
PEMWE proton exchange membrane water electrolyzer
PFSA perfluorosulfonic acid
RED reverse electrodialyzer
RFB redox flow battery
VRFB vanadium redox flow battery
ZAB Zn–air battery
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16.1   Prelude to Anion Exchange Membranes

Fuel cell technology utilization for energy generation is an environmentally sustain-
able approach that can contribute toward the attainment of carbon neutrality. Fuel 
cells are a key technology in the H2 economy, generating clean energy from H2 
through a series of electrochemical reactions involving an anode, cathode, electro-
lyte, separated by an electrolyte and connected by an external circuit  [1]. Recent 
technological advancements have demonstrated the effectiveness of fuel cells as a 
power source for medium-to-large-scale backup power and vehicle applications, 
such as automobiles and buses. In particular, fuel cell-powered electric vehicles 
offer a more extended driving range and shorter refueling time than rechargeable 
battery-powered vehicles. For instance, Toyota has reported that its hybrid fuel cell 
vehicle can travel up to 830 km using 5 kg of H2 stored in 700 bar pressure gas 
tanks [2–4]. From this standpoint, we examine the current progress in the develop-
ment of fuel cells based on polymer electrolyte membranes. These fuel cells run at 
relatively low temperatures (60–90 °C), start up quickly, are portable, and have 
earned significant attention for their potential commercial applications. Low-
temperature fuel cells can be categorized into two classes, based on their electro-
lytes: proton exchange membrane (PEM) and anion exchange membrane 
(AEM)-based cells. The PEM-based cells have been under constant development for 
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decades and are commercially ready with mature technology. However, due to their 
intrinsic strong acid environment, these cells require critical components such as 
noble metal electrocatalysts (Pt, Ir, and Ru) for the anode and cathode reactions, 
graphitic or Ti-based bipolar plates, and perfluorosulfonic acid polyelectrolytes. 
Precious metal catalysts and PEM are crucial components in PEM-based devices, 
but their usage contributes significantly to the high cost of fuel cell systems  [5]. 
Moreover, the limited availability of these catalyst elements on Earth exacerbates 
the issue of their scarcity. Although proton exchange membrane fuel cells (PEMFCs) 
have achieved commercial success, their cost has restricted their broad propagation. 
Fuel cells that integrate AEMs present a viable substitute to PEMFCs, providing 
comparable efficiency at a lower cost. Hydroxide (OH−) ion redox reactions have 
gained attention as an alternative to using H+ in ion transport. Fuel cells that utilize 
OH− transporting membranes are known as anion exchange membrane fuel cells 
(AEMFCs). Although the working principles of AEMFCs differ slightly from those 
of PEMFCs, their overall redox fundamentals remain the same. In an AEMFC, 
water and oxygen are introduced at the cathode where O2 is reduced to OH−. The 
OH− then travels through the AEM to meet the fuel, MeOH, or H2, which gets oxi-
dized to generate water and electrons, which flow through the system producing the 
desired electrical current. The water produced at the anode will diffuse back to the 
cathode to replace the consumed water during the cathodic reaction. The essential 
elements of AEMFCs comprise AEM, catalyst layers, bipolar plates, and gas/liquid 
diffusion layers. Among the components of AEMFCs, the AEM and catalyst layer 
are particularly crucial and have received extensive research attention. In recent 
decades, a significant number of non-precious metal electrocatalysts have been 
developed with even better electrocatalytic rate than noble metal benchmarks [6]. 
However, these electrocatalysts often do not perform well in the AEMFCs due to the 
undesirable properties of the AEM and the inadequate design of the AEM elec-
trode’s three-phase interfacial structure. The AEM is a solid polymer electrolyte that 
effectively conducts anions and acts as a separator between the cathode and anode. 
It is composed of positively charged groups situated on the side chains or in the 
polymer backbone, which permit efficient anion transport. Several commercial 
AEMs have been reported, such as Aemion from Ionomr, Sustainion from Dioxide 
Materials, PiperION from Versogen, and FAA-X from Fumatech. However, these 
AEMs do not have a competitive ionic conductivity compared to state-of-the-art 
PEMs. Hence, only a few AEMs can provide a peak power density of over 1 W cm−2 
in fuel cells. Moreover, the commercially available AEMs fall short of meeting the 
device lifespan requirements due to their lack of stability, including alkaline, 
mechanical, and electrochemical stability.

Although some issues with engineering have caused delays in the implementa-
tion of AEMFCs, there has been significant progress in overcoming the challenges 
they face when being incorporated into devices. In fact, a lot of work has been done 
to address the obstacles that AEMs experience during the integration process. It is 
worth noting that some AEMFCs have achieved power densities of 1–3 W cm−2, 
which is comparable to those of PEMFCs. Most of the advancements in this field 
have occurred after 2015, and it is exciting to foresee what the next decade will bring 
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regarding further progress for AEMFCs. During the initial stages of AEM research, 
the practical implementation of AEMFCs, the most significant challenges were the 
AEMs’ insufficient ionic conductivity and alkaline stability. However, researchers 
have made considerable progress, and effective strategies have been developed to 
overcome these challenges. These strategies include constructing microphase sepa-
ration and regulating micropores to facilitate ion conduction rates and reduce hin-
drance. As a result, the conductivity has increased from less than 10 mS cm−1 to 
exceed 100 mS cm−1. Furthermore, developing an aryl ether-free backbone and sta-
ble N-heterocyclic ammonium groups has taken the alkaline stability to a new level. 
The ex-alkaline stability of the membranes has surpassed 2000 h, demonstrating the 
remarkable progress made in this field as we approach 2023 [7–16]. The previous 
chapters of this book thoroughly explored the significance of the polymer backbone 
in AEM design, along with different ways of integrating cations into the polymeric 
chain. This involves using chemical reactions such as the Menschutkin reaction, 
copper-catalyzed azide-alkyne cycloaddition (CuAAC) Click reaction, Suzuki cou-
pling reaction, Ullmann coupling reaction, Leuckart reaction, and Paal–Knorr reac-
tion in the fabrication process.

16.2   Progress in AEM Development

In the realm of AEM development, there are two main types of polymer matrices: 
ether-containing polyelectrolytes and ether-free polyelectrolytes. In the past, AEMs 
were primarily made using aryl ether polymer backbones. These were easily pre-
pared using nucleophilic aromatic substitution (SNAr) reactions between oxygen-
ated nucleophiles and aromatic carbon electrophiles. This method gently creates 
covalent bonds between aryl moieties and heteroatoms, resulting in polyarylethers 
with excellent engineering properties like high processability, molecular weight, 
mechanical strength, and low synthetic cost. By modifying through halogenation, 
amination, and quaternization, various structures of AEMs can be prepared, includ-
ing comb-shaped or cross-linked arrangements [17–21]. Some examples of AEMs 
that contain ether links include those made from poly(arylene ether phosphine 
oxide) with aliphatic cationic side chains  [22], poly(hydroxy-triptycene ether sul-
fone) with pyrazolium cross-linkers [23], or polyethylene (PE) glycol with imidazo-
lium side chains  [24]. These AEMs have decent ionic conductivities of around 
50–100 mS cm−1 and a peak power density of approximately 1 W cm−2. Nevertheless, 
polyarylethers face a significant problem regarding their membrane stability. This is 
due to the presence of electrophilic groups, such as aryl ethers and aryl sulfones, 
which are reactive under basic conditions and at high temperatures. As a result, 
these groups can facilitate the OH−-mediated hydrolysis of ethers and quaternary 
carbons. This can lead to substituting the carbon near the electronegative oxygen 
atom with hydroxide, resulting in the degradation of the polymer backbone (as 
shown in Figure 16.1). This ultimately weakens the chemical stability and mechani-
cal integrity of AEMs [18, 25]. Moreover, acidic phenols and benzyl alcohols result-
ing from polymer fragmentation can neutralize the OH− in fuel cells, thereby 
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degrading AEM performance. Due to this instability, only four studies have shown 
the membrane conductivity that retained over 70% of its initial value upon testing in 
alkaline conditions for up to 750 h [2]. Currently, the primary focus in the field is to 
create AEMs that are chemically and mechanically durable that do not rely on an 
ether backbone. These AEMs have proven to be much more durable in tests with 
alkaline-stable cations when compared to ether polymer chains. Ether-free AEMs 
have been shown to maintain membrane conductivities of over 93% of their initial 
values after testing in alkaline conditions for approximately 2100 h, making them 
the most effective option [26–31]. When examining ether-free polyelectrolytes, the 
two most significant and intensively researched types are polyarylene-based AEMs 
(PA-AEMs) and PE-based AEMs (PE-AEMs).

16.2.1  Polyarylene-Based AEMs

Polyarylenes (PAs) are polymers with aromatic backbones or cationic rings like 
imidazolium or benzimidazolium. Examples of PAs include polyimidazoliums, 
polybenzimidazoliums, polyfluorenes, and polyphenylene. In the initial stages of 
PAs for AEMFCs between 2015 and 2017, the peak power density values of ether-
free cells were below 0.5 W cm−2, which was lower than those of ether-containing 
cells. However, the peak power density values of PAs have been increasing since 
2018. As of 2021, they have reached 2.58 W cm−2  [32] and above[33, 34]. High-
performing PAs commonly use cyclic ammonium, tetramethyl ammonium (TMA), 
N-spirocyclic, imidazolium, phosphonium, guanidinium, and piperidinium cati-
ons as their main cations. The most popular method for developing the AEM is 
Friedel–Crafts polycondensation, as it enables the attachment of substituents to 
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Figure 16.1  The schematic illustration of the degradation mechanism of ether-containing 
AEMs, mediated by OH−.
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aromatic rings. Alternatively, some studies have used metal-mediated coupling 
reactions and Diels–Alder cycloaddition approaches, which allow for direct C―C 
bond and aromatic ring formation, respectively. The Holdcroft group conducted 
one of the first studies on PAs, in which they synthesized polybenzimidazoliums 
through the condensation of amino aryl and acid aryl compounds. Despite the 
resulting cells having low conductivity and power density, their research proved 
the effectiveness of condensation reactions in producing polyelectrolytes for 
AEMs [35]. In a study conducted by the Jannasch group, Friedel–Crafts polycon-
densation was used to create stable and highly conductive AEMs. Copolymers were 
formed by reacting trifluoromethanesulfonic acid with biphenyl, piperidinone, or 
trifluoroacetone monomers. The piperidine moieties were then quaternized, result-
ing in the formation of PAs containing N-spirocyclic quaternary ammonium. These 
PAs showed an impressive conductivity of 102 mS cm−1 despite the cations being 
degraded via β-elimination and ring-opening nucleophilic substitution [36]. This 
approach was further developed by the Yan and Lee groups, who used p-terphenyl 
instead of biphenyl and replaced the N-spirocyclic quaternary ammonium with  
N, N-dimethylpiperidinium. Remarkably, the resulting polymer retained a conduc-
tivity of over 75 mS cm−1 for up to 2000 h [37]. The Friedel–Crafts polycondensa-
tion method is a reliable way for polymerizing cationic rings into cationic polymers. 
Though current research has focused on readily available monomers, developing 
and synthesizing new aromatic rings with cations could yield exceptional AEMs 
with distinct and valuable properties. Apart from the Friedel–Crafts polycondensa-
tion method, various other reactions such as Diels–Alder polymerization  [38], 
CuAAC Click reaction [39], Suzuki coupling reaction [40], Ullmann coupling reac-
tion  [41], Paal–Knorr reaction  [42], and Suzuki–Miyaura reaction  [7] have been 
explored for developing effective AEMs.

The Kim’s group’s research on poly(ammonium phenylenes) synthesized through 
Diels–Alder polymerization yielded impressive results. They utilized phenyl- 
substituted cyclopentadienone as the diene and 1,4-bis(ethynyl)benzene as the 
dienophile to produce a high-molecular weight polymer with Mn > 50 000. After 
reducing ketone groups and functionalizing with cations, they successfully created 
polyelectrolytes for AEMs with an initial conductivity of 120 mS cm−1. Even after 
being subjected to 1000 h in 4 M NaOH at 80 °C, over 75% of the initial conductivity 
was retained [43]. Another notable structural analog of the PA backbone is a porous 
polymer containing Tröger’s base units. With its V-shaped bridged bicyclic aromatic 
diamine units, this polymer exhibited microporosity and phase segregation, result-
ing in a high conductivity of 164 mS cm−1 [13]. Also, the ether-free nature ensured 
both alkaline and dimensional stability, making these polymers a promising subject 
for further research.

16.2.2  Polyethylene-Based AEMs

Polyethylenes (PEs) are polymers that do not contain neither ether nor aromatic 
moieties. They are formed by polyaddition reactions that create C―C single bonds, 
which give PEs high number-average molecular weights. PE-based AEMs are 
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durable and resistant to OH− attack. Their backbone is free from aromatic moie-
ties, which prevents the formation of acidic phenols at the cathode and ensures 
optimal performance in cells. PEs have unique advantages in terms of mechanical 
strength due to their high-molecular-weight linear chains that improve their maxi-
mum tensile strain and strength. Compared to non-PE-based membranes, 
PE-based membranes have a lower glass transition temperature and greater resil-
ience, making them more durable. Consequently, ether-free PEs have significantly 
enhanced the peak power density of cells, i.e. showing a similar increasing trend 
of peak power density to that of PA-based cells. The step-by-step development of 
ether-free polymers used in AEMs, including the methods used to create them, is 
shown in Figure 16.2. Some examples of AEMs based on PE include ammonium 
PEs created through radiation grafting [44], imidazolium PEs made through ring-
opening metathesis polymerization (ROMP)  [45], ammonium PEs produced 
through Ziegler–Natta polymerization [46], and piperidinium PEs formed through 
ROMP  [47]. The earliest examples were pyrrolidinium polymers made by the 
Jannasch group using radical polymerization of monomers generated via the dial-
lylation of a cyclic amine. The resulting polymers were then quaternized and 
cyclopolymerized through a radical initiation process mediated by an oxidizing 
agent [48].

The Hickner group successfully utilized Ziegler–Natta polymerization to pro-
duce ammonium-functionalized PE-AEMs, resulting in copolymers that proved 
highly effective in a cell, achieving a peak power density of 1.01 W cm−2 at 
60 °C [49]. Ziegler–Natta polymerization is well-known for producing cost- effective 
AEMs with exceptional alkaline and electrochemical stability. An efficient  
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Figure 16.2  The timeline progression of ether-free polymers used in AEMs and the 
processing methods. (a) Polybenzimidazolium, (b) polyarylpiperidinium, (c) polyimidazolium, 
(d) polyarylammonium, (e) polydiphenylethanepiperidinium and polyfluorenepiperidinium, 
(f) polyallylpiperidinium, (g) polyethylene-co-tetrafluoroethyleneammonium, (h) 
polyethyleneimidazolium, (i) polyethyleneammonium, and (j) polyethlenepiperidinium. 
Source: Reproduce R with permission from Chen et al. [2].
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and straightforward method to enhance the features and capabilities of mem-
branes is by using radiation grafting. The Varcoe group conducted an experiment 
where they activated low-density PE membranes using electron beam bombard-
ment, which allowed them to install ammonium groups. As a result, their PE-AEM 
had a hydroxide conductivity of 145 mS cm−1 and a peak power density of 
1.45 W cm−2 at 80 °C [50]. The ROMP process involves using cyclooctadienes and 
norbornenes as typical monomers to create polymer products with an all-carbon 
backbone free of ether bonds. The Coates group created new materials by combin-
ing cyclooctene-fused imidazolium monomers through ROMP to form imidazo-
lium polymers. These polymers proved to be highly stable, with less than 1% loss 
of cations or 4% loss in conductivity, when tested in PE-AEM cells after 30 days. At 
80 °C, they demonstrated high conductivity levels of 134 mS cm−1 [45]. The same 
group also developed a piperidinium-modified polymer using piperidine- 
functionalized cyclooctadiene. This PE-based polymer exhibited high conductivity 
levels of up to 100 mS cm−1 in PE-AEM cells [47].

Although ether-free PAs and PEs are more stable and conductive than ether- 
containing polymers, some concerns surround their practical application. The syn-
thesis of ether-free polymers is usually more complex than the SNAr-based synthesis 
of aryl ether polymers. For example, multiple synthetic steps are required to synthe-
size the required well-defined monomers in the case of PAs prepared by polycon-
densation, such as Yamamoto polymerization and Diels–Alder polymerization. 
Friedel–Crafts polymerization is simpler regarding monomer synthesis, but it 
requires using trifluoromethanesulfonic acid, one of the most potent acids. Similarly, 
preparing PEs for AEMs is also challenging. Synthesizing the necessary 
 ionic- moiety-bearing cyclooctene monomers requires multi-step synthesis in the 
case of PEs designed by ROMP, and ROMP requires expensive ruthenium-based 
catalysts. Direct polymerization of ethylene with polar monomers is complex in 
Ziegler–Natta polymerization due to the low tolerance of early transition metal cata-
lysts that are optimal for ethylene polymerization. Therefore, ionic moieties are 
typically added to PEs via post-modification using intensive electromagnetic radia-
tion or polymerizing α-olefins with halide functional groups.

The development of AEMs progresses through various backbone structures, 
including main chains, block copolymers, long side chains, cross-linked and net-
work backbones, organic–inorganic composites, and cationic functional groups.

16.2.3  Main Chain-Based AEMs

The primary chain of the AEM undergoes halogenation via chloromethylation or 
bromination, after which it is quaternized by means of polymerization. In the early 
stages of AEMs, commonly used polyphenoxyether, polyaryl ether sulfone, 
poly(arylene ether ketone), and poly(aryl piperidinium) are used as the main chains 
due to their affordability, ability to form membranes well, and ease of modification. 
However, the chemical stability of these back chain-based membranes leads to the 
breakdown of benzyl trimethylammonium and ether-containing main chains in 
strongly alkaline environments. Within the main chain structure, electron withdraw 
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groups ,such as C=O and S=O, can speed up the breaking of aryl ether bonds and 
the degradation of benzyl quaternary ammonium groups. To address these issues, 
Zhang employed the Leuckart reaction to reduce the C=O group in traditional 
poly(arylene ether ketone) and created an exceptionally stable conductive polymer 
with C–NH2 groups that donate electrons [51]. In addition, the polymeric backbone 
can be synthesized through direct polymerization of monomers without the pres-
ence of ether bonds. A milestone in developing ether-free AEM has been achieved 
by using methylated polybenzimidazole to prepare a polydialkylated phenylene–
benzimidazole backbone [52].

16.2.4  Block Copolymer Based AEMs

It is widely recognized that most AEMs have difficulty transporting anions with 
low ion exchange capacity (IEC) due to inadequate microstructure control of the 
amorphous polymer. Researchers have combined two or more polymers to over-
come this challenge, forming block-type multi-cationic clusters of anion exchange 
polyelectrolytes. This approach enhances the separation of hydrophilic and hydro-
phobic phases. The block copolymer facilitates the synergistic combination of ionic 
and non-ionic polymers at the molecular level, promoting the formation of ion 
transport channels and improving OH− transport efficiency. Zhu et al. [53] created 
a triblock copolymer (PSm-PDVPPA2n-PSm) using a unique monomer (N, N- 
diethyl-3-(4-vinylphenyl) propan-1-amine) with a trialkyl amine group and poly-
styrene trithiocarbonate via reversible addition-break chain transfer. The alkyl 
spacer group links the quaternary ammonium group to the backbone, while the 
nearby benzene ring shields the ion center, resulting in excellent stability for the 
AEM. After immersing the membrane in a 10 M NaOH solution at 80 °C for 20 days, 
it still maintained about 93% of its initial OH− conductivity, which was quite 
remarkable. In another work of Zhu et al. [54], a fluorine-containing hydrophobic 
block was integrated into the QA diblock copolymer styrene to create two diblock 
copolymers (PVBC263-b-P4FSy and PVBC263-b-PPFSy). The resultant AEM had 
excellent ionic conductivity (86.1 mS cm−1 at room temperature) and IEC 
(4.27 mmol g−1 at 90 °C). Furthermore, the presence of rigid structures such as 
diphenyl, fluorenyl, aromatic pyrene units, and aromatic heterocyclic compound 
carbazole with a tricyclic structure improved the microphase separation, thereby 
enhancing the dimensional stability and electrical conductivity of AEM [55]. The 
π–π stacking of electron-rich aromatic pyrene units is expected to increase the 
aggregation of adjacent cations and the development of well-connected ion trans-
port channels [29]. Combining two or more oligomers through copolymerization 
makes it possible to create a block structure in the AEM that leads to a well- 
balanced separation between hydrophilic and hydrophobic phases. This results  
in AEM with exceptional high electrical conductivity. However, there is still a  
concern about the cationic groups being too close to the main chain. Even if the 
cationic functional groups have steric hindrance, they may not fully protect the 
ether-containing segment of the polymer backbone from OH− attacks in an  
alkaline environment.
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16.2.5  Long Side-Chain AEMs

The high rigidity of the polymer backbone can limit the mobility and activity of 
charged groups, ultimately impacting their performance. Researchers have incorpo-
rated alkyl or other flexible chains to overcome this obstacle while creating unique 
structures with long ion-bearing segments. This approach enhances the separation 
distance between the cationic groups and the polymer skeleton and leads to the 
formation of a structure with microphase separation morphology. As a result, the 
structure can self-assemble into hydrophilic channels, promoting efficient ion 
transport. By experimenting with different alkyl chain lengths and cationic groups 
in various positions, researchers can create a range of hydrophilic/hydrophobic 
pathways. Wang’s group  [56] has successfully created a highly flexible anion 
exchange polyelectrolyte using amphophilic cationic side chains with three ether 
bonds. This was accomplished by forming an interconnected network throughout 
the hydrophobic backbone through ion clustering. The AEM’s remarkable tough-
ness and swelling resistance can be attributed to the strong hydrogen bonding 
between the OH− ion and pyridine nitrogen while maintaining high conductivity 
levels of up to 131.8 mS cm−1 (80 °C). Even after being immersed in 2 M KOH for 
672 h (60 °C), the ionic conductivity and IEC remained at 78.0% and 84.2%, respec-
tively. Xu’s group [57] has suggested utilizing double cationic and fluorinated side 
chains to create enhanced microphase separation structures, building upon the flex-
ible ether bond-containing side chain. Molecular dynamics simulations have shown 
that piperidine and ether bonds in the longer side chains can interact strongly with 
water molecules, promoting OH− transport. The resulting fluorinated AEM has 
demonstrated the highest conductivity (168.46 mS cm−1 at 80 °C) with a similar IEC, 
attributed to the formation of ion transfer channels. Researchers are now concen-
trating on polymers with dense functional groups and hyperbranched structures to 
create more prominent microphase separation structures. Grafting high-density 
cationic groups to the polymer’s main chain has created numerous transport sites, 
significantly improving OH− transport efficiency [58–60]. Long-side chains inevita-
bly induce the formation of hydrophilic and hydrophobic phase separation struc-
tures. These structures are crucial for enhancing AEM’s conductivity and chemical 
stability, as the hydrophilic domains are well-connected. However, increasing the 
hydrophilic region can improve water absorption, but it may also cause excessive 
membrane expansion and affect mechanical stability.

16.2.6  Cross-linked AEMs

As the IEC and water uptake increase in AEMs, their ionic conductivity usually 
increases. However, this could lead to decreased mechanical robustness of the 
membrane. It is imperative to undergo cross-linking to minimize swelling and 
establish a compact network structure in the AEM. This step is crucial in enhancing 
its mechanical stability, thus rendering it an indispensable part of the process that 
should not be disregarded. Cross-linking involves physical and chemical methods to 
form intermolecular bonds within the membrane. Physical cross-linking introduces 
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ion–ion interactions, van der Waals forces, or hydrogen bonds between polymeric 
matrices and cations. The synthesis pathways for different cross-linked AEMs are 
shown in Figure 16.3.

Additionally, chemical cross-linking involves creating covalent bonds between 
polymer chains using either oligomers or end groups. The cross-linking process can 
occur in a one-step synthesis during polymerization or through a post- polymerization 
cross-linking step. Covalent cross-linking is a promising approach to balance the 
AEM’s ionic conductivity and mechanical stability. Various cross-linking techniques 
have been reported, such as mercaptan-ene chemistry, Menshutkin reaction, ROMP, 
olefin metathesis, and thermal cross-linking. The technique of chemical cross- 
linking is commonly used in current AEM research. In Yang’s study [61], the addi-
tion of 1-vinyl imidazole as a cross-linking agent and cationic group resulted in 
remarkable improvements in the mechanical strength and alkali-resistant stability 
of the AEM. Kim’s group [62] developed x-PBB-SEBS membranes by cross-linking 
by combining SEBS with poly(biphenylbenzyl n-methylpiperidine). The x-PBB-
SEBS membranes have exceptional properties due to the excellent phase separation 
behavior of SEBS and PBB. These properties include an outstanding elongation at a 
break of 70.3% and a high Young’s modulus of 486 MPa. The water retention of the 
x-PBB-SEBS membranes increases with an increase in the cross-linking degree. This 
enhances the interaction between water and ionic conducting groups, resulting in 
high ionic conductivity values of up to 146.25 mS cm−1 (80 °C). Cross-linking the 
two polymers without an aryl ether structure has also given the AEM excellent 
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Figure 16.3  The cross-linked AEM synthesis. (a) Grafted a flexible side chain with  
an alkoxy group onto the polyphenylene oxide backbone using polyethylene glycol;  
(b) influence of flexible (4,4′-dihydroxydiphenyl ether) and rigid (1,6-dibromohexane, 
1,4-bis (bromomethyl) benzene) cross-linking agents on the development of ion transport 
channels in the AEM; (c) x-PBB-SEBS membranes by cross-linking SEBS with 
poly(biphenylbenzyl n-methylpiperidine); (d) semi-IPN AEM (PS-co-PVBC).  
Source: Reproduce with permission from Chen et al. [16]. Copyright 2023 Elsevier.
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alkali stability. The conductivity remains above 99%, and the IEC remains almost 
unchanged after a 720 h treatment with 2 M KOH solution at 80 °C. In recent years, 
the semi-interpenetrating polymer network (semi-IPN) has emerged as a successful 
approach to balancing the AEM’s ionic conductivity and mechanical stability. This 
is achieved by cross-linking one polymer while leaving the other non-cross-
linked [63]. The work of Zhao [64] utilized styrene and 4-vinylchlorobenzene (VBC) 
as monomers, both highly stable, and branched polyethylenimine (BPEI) as a cross-
linking agent. BPEI offers the benefits of both semi-IPN and cross-linking methods, 
which allows it to serve as a supplementary substrate for creating interconnected 
ion transport channels over long distances. This eliminates the need for additional 
cross-linking agent monomers. Using natural polymerization cross-linking, a uni-
form semi-IPN AEM (PS-co-PVBC) was successfully synthesized, resulting in a 
cross-linking network that effectively protects cations from OH− attacks. This AEM 
is finely tuned and has exceptional hydroxide conductivity (106 mS cm−1, 80 °C), 
maintaining a residual conductivity of over 81% even after 720 h of immersion  
in 1 M NaOH (60 °C). These findings highlight the benefits of combining a pure 
carbon skeleton polymer with a semi-IPN network structure, improving the AEM’s 
long-term applicability in the AEMFC field. Cross-linking can improve the stability 
of the membrane, but it must be controlled carefully to avoid compromising the  
IEC and alkali stability. Cross-linking limits water uptake and may slow down 
OH− migration.

16.2.7  Organic–Inorganic Composite AEMs

Developing organic–inorganic hybrid materials presents a promising avenue for 
enhancing AEM performance. This involves generating ion nanoaggregates within 
the membrane that exhibit exceptional ionic conductivity. There are two types of 
hybrid membranes, each determined by the forces that exist between the two phases. 
The first method involves weaker interaction forces, such as hydrogen bonds, van 
der Waals forces, and electrostatic forces. In contrast, the second approach entails 
synthesizing the two phases with a chemical bond. The numerous active sites on the 
surface and inner pores of inorganic nanomaterials allow for the grafting of cationic 
groups, effectively increasing the ion conduction capacity of the AEM. Shang 
et al. [65] developed the AEM by combining organic and inorganic components to 
create a highly conductive material. They used a silicon-based material to form the 
inorganic phase and created a high-density mesoporous molecular sieve (SBA-NH2) 
precursor. To increase the number of cations in the void, they added a crown  
ether to the pore channel of the molecular sieve. By cross-linking the crown ether-
functionalized SBA-NH2 to the main chain of PVA through the sol–gel method, they 
created the AEM. Incorporating a mesoporous structure resulted in a significant 
number of pores, which facilitated the formation of highly ordered ion channels 
and improved the transport efficiency of OH−. The resulting AEM exhibited  
superior ionic conductivity (107 mS cm−1 at 80 °C), and the ionic conductivity  
value decreased by only 2% after 168 h of immersion in 6 M KOH (80 °C). Chen 
et al. [66] have developed a cutting-edge multidimensional AEM that incorporates a 
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one-dimensional polyphenylene oxide polymer chain into a two-dimensional lay-
ered covalent organic framework (COF). The membrane’s surface is coated with 
sulfonated graphene oxide using ionic and π–π interactions between benzene rings, 
creating a sandwich structure that effectively prevents excessive expansion, nucleo-
philic attacks, and degradation of the quaternary ammonium group. Remarkably, 
after an alkali treatment (2 M NaOH, 80 °C at 840 h), the membrane’s ionic conduc-
tivity remained at 92% of its original value. Molecular dynamics simulation results 
suggest that the well-organized hydrogen bond network within the COF channel 
facilitates directional transfer of OH− along the low barrier channel, resulting in 
excellent OH− conductivity (151 mS cm−1 at 80 °C). Overall, this AEM’s distinctive 
sandwich structure exhibits excellent ion conductivity, making it a highly promising 
strategy for the preparation of composite membranes in the future. Organic– 
inorganic composite membranes exhibit superior chemical and mechanical stability 
compared to AEMs from conventional organic polymers and enhance the conduc-
tivity and stability through rational architectural design.

16.2.8  AEMs Based on Cationic Functional Groups

In order to achieve long-term stable operation in an alkaline environment and opti-
mize the electrochemical performance of AEMs, the presence of high-performing 
cationic functional groups is crucial. At present, this is achieved by fine-tuning the 
design of the molecular structure to minimize the number of electron-absorbing 
groups, enhance steric hindrance, and encourage the hydration of OH− ions. Such a 
design considers the degradation mechanism of these groups, ultimately strength-
ening the alkaline stability of the cationic functional groups. Throughout the pre-
ceding chapters of this book, a thorough description has been conducted on various 
AEMs featuring cationic head groups such as quaternary ammonium, guanidinium, 
imidazolium, triazole, phosphonium, and metal cations. Although AEMs contain-
ing quaternary phosphonium and guanidinium exhibit exceptional stability, their 
development is constrained by low ionic conductivity and inadequate compatibility, 
which could benefit from further investigation in the future.

16.2.9  Challenges Developing Long-Lasting AEMs

Regarding high-performance polyelectrolytes for use in AEMs, there are three criti-
cal factors to consider: chemical stability, mechanical stability, and ionic conductiv-
ity. The approach to achieving high-performance AEMs is demonstrated in 
Figure 16.4, which outlines the applicable standards and methods. The polyelectro-
lytes must have ether-free backbones and alkaline-stable cations to ensure optimal 
chemical stability. Adequate mechanical stability requires sufficient mechanical 
properties and low water uptake. Lastly, a high IEC and an ion percolating network 
are necessary to achieve excellent ionic conductivity. Achieving a balance between 
these three properties can be challenging since the most conductive polymers may 
not be the most durable AEMs. Nonetheless, some promising approaches have been 
identified in recent years that could lead to developing the next generation of AEMs.



16.2 Progress in AEM Develooment 405

16.2.10  Chemical Stability

A key obstacle that significantly limits the durability of cells is the chemical stability 
of AEMs, which encompasses both alkaline and oxidative stability. The headgroup 
influences chemical stability. Significantly, notable progress has been accomplished 
in advancing alkali-stable membrane materials in recent years, as discussed in the 
previous sections.

16.2.10.1  Alkaline Stability
The assessment of membrane stability is crucial, but there is currently no widely 
accepted protocol for evaluating it. The testing conditions for alkaline stability can 
vary between studies, which makes it difficult to compare different membranes due 
to differences in solution concentration (ranging from 1 to 10 M aqueous NaOH or 
KOH) and temperature range (from room temperature to 100 °C). The customary 
method for evaluating ex situ membrane stability involves monitoring changes in 
the IEC or conductivity during immersion in aqueous alkali over a period of time. 
Functional groups play a significant role in the stability of alkaline membranes. 
Various techniques are utilized to enhance the stability of the head group, including 
inserting a spacer between the head group and backbone, using a more prominent 
head group, and incorporating electron-donating groups. Recent literature suggests 
that AEMs can maintain stable fuel cell functioning for more than 2000 h under 
alkaline conditions. However, relying solely on changes in conductivity is not an 
accurate way to assess alkaline stability. A comprehensive analysis of the IEC, con-
ductivity, mechanical properties, and water absorption behavior of alkali-aged 
membranes is necessary to fully comprehend their stability properties. Furthermore, 
it would be advantageous to develop new ex situ alkaline stability test protocols that 

Figure 16.4  The criteria for high-performance AEMs are chemical stability, mechanical 
stability, and ionic conductivity.
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consider operating environments that are closer to real working conditions, as well 
as create more alkali-stable membranes.

16.2.10.2  Oxidative Stability
It is important to note that, apart from considering alkali stability, it is crucial to pay 
attention to oxidation stability. Numerous literature sources have documented that 
the deterioration of membranes occurs when subjected to the reactions with radi-
cals, predominantly superoxide and hydroxyl radicals. Ramani and coworkers [67], 
Kruczała and coworkers [68], and Dekel and coworkers [69] utilized advanced tech-
niques during AEMFC operation to detect the formation and existence of radicals in 
alkaline membranes. In situ, fluorescence techniques were used by Ramani and 
coworkers to identify superoxide radicals, while Kruczała and coworkers used an 
electron paramagnetic resonance spectrometer. Ramani and coworker [70] also dis-
covered that the degradation of the tested membrane was more pronounced near 
the oxygen evolution electrode during AEM water electrolyzer operation. These 
findings reveal that oxygen and OH− ions can spontaneously generate superoxide 
and hydroxyl radicals within the AEMs, resulting in membrane backbone degrada-
tion and thinning. These observations underscore the growing concern of oxidation 
degradation. To improve the resilience of membrane structures against oxidation, it 
is possible to incorporate radical scavengers such as ceria and sulfide groups. 
Membranes that possessed sulfide groups exhibited exceptional oxidative durability 
and retained their properties for more than 50 h in Fenton’s solution [71]. The inclu-
sion of phenolic groups in the monomer solution augmented the AEM oxidative 
stability [72]. Nevertheless, it is essential to remember that these groups cannot be 
restored and only provide limited defense as sacrificial sites. Although Fenton’s rea-
gent is a widely used method for assessing oxidation stability, it may not be the most 
suitable approach for evaluating the stability of AEMs in an alkaline environment. 
This is because Fenton’s reagent only generates hydroxyl and hydroperoxyl radicals 
under acidic conditions, while more hydroxyl and superoxide radicals are generated 
in an alkaline environment. Future testing protocols should be developed to demon-
strate the chemical stability of AEMs accurately.

16.2.11  Ionic Conductivity

Upon comparing OH− and H+, it has been observed that OH− possesses a larger 
ionic radius, resulting in a slower movement through a membrane than H+. This 
leads to lower levels of conductivity for OH−. To improve the conductivity levels, 
there are two possible options: augmenting the number of conduction points 
among nearest neighbors or optimizing the conduction pathways. A practical 
method to achieve this is by elevating the IEC, which can significantly enhance the 
ionic conductivity of membranes. In the preceding chapters of this book, signifi-
cant challenges related to the ionic conductivity of AEMs have been explored. 
However, researchers have made notable strides in overcoming these hurdles 
through the use of hybrid polymer designs, cutting-edge additives, sophisticated 
computational models, and semi-interpenetrating membrane structures. Current 
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research demonstrates exceptional progress in polymer architecture, functional-
ized additives, ion transport models, ion-selective channels, and cross-linking  
techniques. As a result, the ionic conductivity of AEMs has seen a remarkable 
improvement, surpassing 150 mS cm−1. The polymer components of AEMs exhibit 
both hydrophobic and hydrophilic properties, resulting in a well-defined micro-
phase separation structure that enables ion transport. Cations, which are hydro-
philic and tend to be solvated, benefit from the presence of water molecules that 
enhance their hydration. The membrane’s homogeneous hydrogen bond network 
enables the continuous transfer of OH−, while different phase separation struc-
tures contribute to anion diffusion through water channels. Understanding these 
mechanisms is crucial in determining the relationship between polymer structure 
and charge transport efficiency. It can guide the design of systems that enhance the 
ionic conductivity of functional AEMs.

16.2.12  Mechanical and Dimensional Stability

Aside from chemical degradation, physical degradation presents a considerable 
challenge in practical applications. Achieving successful membrane electrode fabri-
cation, handling, assembly, and durability of polymer electrolyte membranes neces-
sitates prioritizing mechanical integrity. Membranes are generally vulnerable to 
physical degradation, leading to membrane creep and microcrack fractures as fre-
quent problems. Over time, the AEM in the device can undergo deformation as a 
result of heat and stress caused by compressive force. This can result in a thinner 
membrane and, with continued use, can lead to permanent deformation, which 
ultimately causes cell failure. Another common cause of membrane failure is micro-
cracking due to fluctuations in temperature and humidity. In order to avoid these 
issues, it is crucial to utilize sturdy membranes that are capable of withstanding 
mechanical and swelling stress. Furthermore, the membrane should possess some 
degree of elasticity (elongation) to prevent cracking. Incorporating high molecular 
weight polymers can significantly enhance the mechanical robustness of AEMs. 
Polymers with high molecular weights have longer chains than their low molecular 
weight counterparts. These longer chains increase entanglement, making the poly-
mer network more robust and deformation-resistant. This can improve the resist-
ance of AEMs to mechanical stress and prevent the occurrence of cracks or tears. 
Additionally, these polymers display less swelling and creep behavior when exposed 
to solvents or high temperatures. By adding these polymers to AEMs, the mem-
brane’s mechanical stability can be maintained over time as it reduces the chances 
of dimensional changes caused by swelling caused by water uptake.

Recent scientific breakthroughs have led to significant advancements in hydroxide 
conductivity. Researchers have achieved remarkable conductivity levels, ranging 
from 150 to 200 mS cm−1, by carefully manipulating molecular topology. Addi tionally, 
they have explored various strategies to combat degradation in alkaline environ-
ments, including the use of alkyl spacers, the elimination of electron-withdrawing 
and benzylic positions, the design of block structures and cross-linking, the creation 
of microphase separations, and the avoidance of ether bonds. The development of 
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the ether-bond-free aryl backbone, paired with stable N-heterocyclic ammonium 
groups, is particularly noteworthy for its ability to maintain high conductivity and 
alkali resistance stability. The membrane community’s research efforts have led to 
the creation of multiple commercial AEMs and accelerated the development of 
AEMFC technology. Recently, alkaline membranes have witnessed notable progress 
thanks to significant advancements in molecular engineering, topological regula-
tion, and innovative synthetic techniques. These breakthroughs have resulted in 
membranes that exhibit exceptional anion conductivity of over 150 mS cm−1, are 
capable of withstanding alkaline stability for more than 2000 h, and possess robust 
mechanical properties, including tensile stress of over 40 MPa and elongation at 
break of more than 20%. With such developments, the potential for further progress 
in alkaline membrane-based technologies is immense.

Furthermore, it is imperative to engage in additional research and development 
efforts to maximize the compatibility of AEMs with various fuel cell components, 
including membrane electrode assembly (MEA), catalysts, electrodes, and bipolar 
plates; these efforts will prove invaluable in surmounting current obstacles and 
unlocking the full potential of AEM fuel cells.

16.3   Durability of Anion Exchange Membrane Fuel Cells

In addition to ionic conductivity, alkaline stability, and mechanical properties, 
achieving optimal performance from AEMFC devices requires considering the com-
patibility of AEMs with various fuel cell components such as the MEA, catalysts, 
electrodes, and bipolar plates. The MEA consists of three distinct layers: the AEM, 
a catalyst, and a gas diffusion layer (GDL). The catalyst layer is the primary location 
where the electrochemical reaction takes place. It contains catalysts and an ionic 
polymer binder, also known as an ionomer. Numerous factors can affect the perfor-
mance of the device; among them, three crucial elements significantly impact its 
efficiency: water distribution, the carbonation effect, and the membrane–electrode 
interface.

16.3.1  Water Management

Effective water management is of utmost importance in the AEMFC, as it signifi-
cantly influences both the ionic conductivity and electrochemical reaction activity, 
hence impacting the overall power performance and durability. It is widely recog-
nized that in AEMFCs, water is depleted at the cathode through an oxygen reduc-
tion reaction (ORR) and generated at the anode through a hydrogen oxidation 
reaction (HOR). Additionally, the transportation of OH− from the cathode to the 
anode, along with eight water molecules, occurs via electro-osmotic drag at a sig-
nificantly higher rate than that of the PEMFC [73, 74]. Therefore, effective water 
management through membrane design, stream humidity, and temperature control 
is paramount in the AEMFC. At high current densities, the cathode and anode can 
suffer from drying out and flooding, respectively, which can limit the achievable 
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power and current densities [75]. The anode experiences hindered catalyst sites and 
gas transport during severe flooding, while the inadequate water supply at the cath-
ode can cause ionomer dry-out and degradation [76]. A recent study emphasized 
the balance voltage, at which water generation and phase-change-induced flow are 
balanced, preventing cell flooding  [77]. To design an MEA for an AEMFC, it is 
essential to ensure sufficient water transfer from the anode to the cathode to com-
pensate for water consumption during operation. Therefore, it is necessary to engi-
neer the nanotechnology concept to the membrane with appropriate water diffusion 
properties to maintain proper water balance in the AEMFC.

Omasta et al. [78, 79] conducted a study using operando neutron imaging investi-
gate the distribution of water dynamics at constant current density by varying the 
anode and cathode dew points. Their findings were strong experimental proof of 
delicate water balance for long-lasting AEMFCs and suggest that the anode flooding 
take place with increase in dewpoints and cathode has no effect with dew point. To 
tackle the problem of anode flooding and achieve long-term durability, a new GDL 
was designed with improved hydrophobicity [78, 79]. The new GDL proved effective 
as the system’s stability was improved over 1000 h of continuous operation at 
600 mA cm−2. The hydrophobicity design of catalyst layers was reported by Hyun 
et al. [80] to mitigate cathode dryness and suppress anode water flooding. The incor-
poration of hydrophilic carbon into the cathode and hydrophobic carbon into the 
anode resulted in a significant increase by a factor of 1.7 enhancement of the peak 
current density .

16.3.2  Carbonation Effect

Within AEMFC applications, hydroxide-swelled AEMs and ionomers are capable 
of absorbing CO2 from the feed stream. Within the cathode, the ORR facilitates the 
production of hydroxide anions, which then interact with CO2, resulting in the 
formation of a combination of bicarbonate (HCO3

−) and carbonate (CO3
2−). When 

the carbonate mixture reaches the anode, it balances the external circuit charge. 
However, it also causes the accumulation of carbonation at the anode, leading to 
the carbonate diffusion effect. As a result, carbonated anions create a carbonation 
gradient and pH gradient across the membrane, which can affect electrocatalysts. 
One positive impact of this process is that the lowered pH reduces polymer degra-
dation caused by nucleophilic attack. Despite this, the negative influence of car-
bonation is more harmful to the cell output and its long-term endurance. The 
major drawback of carbonation is the resulting lower ion mobility compared to 
hydroxide ions. This is because the carbonate anion is larger in size (2.7 Å) than 
hydroxide ions (1.7 Å) [81].

During the early stages of AEMFC research, it was believed that the ability of 
AEMs to transport carbonates freely would have little effect on the operation of 
cells, except for the reduced mobility of those anions compared to hydroxide, which 
would cause an increase in Ohmic losses in the cell. However, recent experimental 
and theoretical work has allowed for a more complete understanding of the impact 
of CO2 on AEMFC performance. It has been discovered that several mechanisms 



16 Research Challenges and Future Directions on Anion Exchange Membranes for Fuel Cells410

lead to a reduction in cell voltage upon exposure to CO2. The first mechanism is con-
nected to carbonate mobility, as mentioned before. The second mechanism that 
affects AEMFC operation is related to the inability of bicarbonate anions to directly 
oxidize H2 at the anode at usual AEMFC anode potentials. This results in the car-
bonates produced at the cathode not being consumed at the anode and, therefore, 
not being immediately released to the anode gas flow field as CO2. Instead, there is 
a time lag between CO2 exposure and CO2 release, during which the carbonates 
accumulate at the anode. This accumulation leads to a decrease in the pH of that 
electrode. As the pH drops, more carbonates accumulate, eventually resulting in the 
release of CO2. This drop in the anode pH causes a Nernstian increase in the anode 
potential, ultimately reducing the overall cell voltage. The third mechanism is 
related to the fact that (bi)carbonates cannot react directly with H2. The anode has a 
specific IEC, so when carbonates accumulate, it creates a concentration gradient in 
the anode. As a result, there will be regions in the anode where the OH− concentra-
tion is low. In addition, since OH− is no longer the only charge carrier, the anode 
reaction must obtain reacting OH− anions through both migration and diffusion. 
This forces the anode current density to be concentrated near the anode/AEM inter-
face, resulting in a higher effective local current density of the anode. This also 
causes higher reaction overpotentials.

16.3.3  Membrane–Electrode Interface

The membrane–electrode interface refers to the region where the AEM interacts 
with the catalyst layers on both the anode and cathode sides of the fuel cell. This 
interface is crucial for efficiently transporting hydroxide ions from the cathode to 
the anode and vice versa. The catalyst layers on either side of the membrane assist 
in the electrochemical reactions involving hydrogen and oxygen, producing water 
and electricity. This subject has been covered by an increasing number of articles 
describing strategies to build effective interfaces between the membrane and the 
electrodes. Ion conductivity, electron transfer, water diffusion, and gas mass transfer 
all rely on proper interfacial compatibility. Research has shown that the amount of 
the ionomer present is crucial in adjusting the electrode’s microstructure. Typically, 
10–20 wt% content is considered optimal, but slight variations can occur depending 
on the ionomer structures used. Ethanol, propanol, and isopropanol are the most 
commonly used solvents for slurry preparation, with a dielectric constant (ɛ) rang-
ing from 18.3 to 24.3. The polarizability of a solvent molecule determines its ɛ value, 
which, in turn, affects the state of the slurry – whether it is a solution, colloid, or 
precipitate. An AEMFC cathode catalyst layer has been developed with a modified 
catalyst ink using methanol, propanol, isopropanol, and tetrahydrofuran. Among 
these, the tetrahydrofuran-based catalyst layer resulted in a power density of 
0.18 W cm−2. This is due to the effect of tetrahydrofuran on the microstructure of  
the catalyst layer, which resulted in the emergence of a nanopore gradient ranging 
from 10 to 100 nm [82]. This gradient improved the catalyst layer’s water transport 
ability and moisture adsorption. Park et al. reported that the permeability of the 
ionomer in wet conditions affects the power density of the fuel cell, specifically with 
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regard to hydrogen and oxygen gas. They synthesized an ionomer by modifying 
poly(phenylene oxide) with six-membered dimethyl piperidinium (PPO-DMP) to 
address this issue. The PPO-DMP ionomer exhibited improved flexibility compared 
to the low-performing fumion ionomers, resulting in a peak power density of 
0.34 W cm−2 [83]. Additionally, in AEMFC applications, covalently locked interfaces 
between the membrane and the ionomer-containing catalyst layer are reported to 
reduce catalyst layer peeling off. The presence of a covalent bond at the interface 
between the membrane and catalyst layer prevents interfacial delamination of the 
catalyst layer. When comparing the preparation of physically reinforced MEA to the 
advanced triple-phase boundary structure, it can be observed that the latter exhibits 
a greater propensity for enhanced durability. A compact interface plays a significant 
role in reducing the overall cell resistance, encompassing both AEM resistance and 
contact resistance. Wang et al. [84] developed a method of enhancing gas permea-
bility in catalyst layers using a rigid anthracene-modified imidazolium side chain 
structure. This method created microscopic gas channels, which led to a 130% 
increase in gas permeability. Additionally, the researchers used ultraviolet light-
induced cross-linking structures to prevent self-aggregation of the Pt/C particles. 
This resulted in a peak power density of 0.49 W cm−2 due to sufficient oxygen pene-
trating the ionomer onto the catalytic reaction interface.

16.4   Future Directions

The field of AEM technology is rapidly growing, and there is no doubt that contin-
ued investment in research and development will lead to significant advancements 
in the coming years. The impact of AEMs on the world is expected to be transforma-
tive and revolutionizing various industries. The focus of AEMFCs in the coming 
years will revolve around the enhancement of alkaline-resistant AEMs, ionomers, 
catalysts, and MEA fabrication.

16.4.1  Expansion of AEM Development

One of the primary design strategies employed in the practical implementation of 
advanced AEMs involves the preparation of a polymer backbone devoid of aryl 
ether moieties. Mitigating aryl ether cleavage reactions in quaternized polymers 
containing aryl ethers has proven to be a challenging endeavor, with limited success 
thus far. Polyolefinic and aryl ether-free polyaromatics are backbone polymers that 
do not contain aryl ethers. Polyolefinic AEMs, such as PE, polynorbornene, ethyl-
ene tetrafluoroethylene, and polystyrene-block copolymers, have certain advan-
tages over polyaromatic-based polymers. They are better suited for applications that 
require water resistance and the ability to form films. However, highly quaternized 
polyolefinic AEMs have inferior high-temperature properties (>80 °C) compared to 
polyaromatic-based polymers. This makes them less suitable for use in high- 
temperature operations of AEMFCs. Developing polyolefinic AEMs with improved 
stability through crystallinity, cross-linking, and hydrophobic cationic functional 
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groups could enhance AEMFC performance and durability. Reinforced AEMs can 
also improve dimensional stability. Polyaromatic polymers, such as polyphenylene, 
polyfluorene, and poly(alkyl phenylene), free from aryl ether, have various benefits 
at high temperatures (≥80 °C). Unfortunately, they often become brittle due to the 
absence of flexible ether linkage in their backbone and low molecular weight. 
Several strategies can be implemented to overcome this challenge, such as achieving 
high molecular weight, minimizing chain branches, and incorporating kinked 
structures and reinforcement.

New developments in AEMs have led to the creation of aryl ether-free polyolefinic 
and polyaromatics, but there are concerns about their practical application. 
Polymers without ether links are more complex to synthesize than aryl ether poly-
mers using SNAr. For PAs, multiple steps are needed for well-defined monomers via 
Yamamoto or Diels–Alder polymerization. Friedel–Crafts reaction is more straight-
forward but requires potent triflic acid. Making PEs for AEMs is also tricky as ionic-
moiety-bearing cyclooctene monomers need multi-step synthesis. Ziegler–Natta 
polymerization with polar monomers is complex due to the low tolerance of early 
transition metal catalysts.

Another design strategy for creating effective AEMs is to select appropriate cati-
onic groups. The most commonly used cationic group is trimethyl ammonium, and 
adding alkyl spacers between the polymer backbone and side chain has proven to 
increase the stability of these groups. However, other cationic functional groups like 
piperidinium and triazatriangulenium carbocation have also been successfully 
implemented and should be further researched. Further research should be con-
ducted to prepare polymers with stable cationic functional groups, including those 
in ionic liquid compounds. It is also essential to explore other possibilities of carbo-
cation on AEMs and enhance the stability of known cationic groups, which are 
areas that require continued research. Recently, new carbocationic species have 
emerged in the search for AEMs with improved alkaline-stability, in addition to  
the existing cationic head groups. According to a recent study conducted by the 
Schechter and Grynszpan groups [85], the use of triazatriangulenium carbocation 
rises as a highly promising alternative for the development of AEMs. The research 
suggests that this type of extended π carbonations exhibits exceptional stability, 
making them a preferred choice for efficiently transporting anions in AEMs. The 
research conducted by Schechter and coworkers [85] sheds light on the process of 
creating triazatriangulenium carbocation, specifically regarding the production of 
4,8,12-tri-ethano-4,8,12-triazatriangulenium tetrafluoroborate (TATA+ OH)-based 
AEMs. This development is a significant step toward achieving AEMs with superior 
alkaline stability. The complete pathways for the fabrication of their proposed AEM 
are shown in Figure 16.5. As shown in Figure 16.5, the TATA+ OH cation was pre-
pared using the tris(2,6-dimethoxyphenyl)-methylium tetrafluoroborate precursor. 
The precursor for the synthesis of TATA+ OH is synthesized following a reported 
procedure  [86]. Additionally, a commercially available polysulfone was modified 
through the standard chloromethylation procedure [87]. Finally, the working mem-
brane was assembled through the solution-casting method. The controllable micropo-
rous structure (Figure  16.6a) in the membranes provides the ease of transport of 
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hydroxide ions on it. The efficiency of hydroxide ion transport of these fabricated 
membranes was calculated from the Arrhenius equation through Arrhenius plots  
of the conductivity analysis, which has provided in Figure 16.6b. In Figure 16.6b, 
the low conductivity activation energy (Ea ) for 20 wt.% TATA+ OH incorporated in 
the membrane, i.e. 6.56 kJ mol−1. Lower values of Ea indicate the better transport of 
hydroxide ions. Additionally, Figure 16.6c indicates exceptional alkaline stability of 
the membranes. Furthermore, according to Figure 16.6c, the membranes showed 
remarkable alkaline stability, with a mere 12% total hydroxide conductivity loss over 
3 M KOH solution at 60 °C after 840 h.

Following a thorough investigations and analysis, it is suggested that 
 triazatriangulenium-based cations could be a high alternative to traditionally used 
quaternary ammonium cations, guanidinium cations, imidazole cations, etc., for 
the fabrication of stable AEMs. Further research on triazatriangulenium-based cati-
ons is essential to determine their practicality, cost-effectiveness, and scalability for 
use in electrochemical devices and applications. In the forthcoming years, more 
triazatriangulenium-based AEMs will emerge to address stability concerns. 
Moreover, additional research is necessary on the fabrication of membrane elec-
trode assemblies using triazatriangulenium cation-based AEMs.

n

n

Figure 16.5  The fabrication process of TATA+-OH-based AEM. (1) Tris(2,6-dimethoxyphenyl)- 
methylium tetrafluoroborate (starting material for TATA+-OH synthesis); (2) 4,8,12-tri-ethano- 
4,8,12-triazatriangulenium (TATA+-OH); (3) dispersion of TATA+-OH in NMP; (4) polysulfone; 
(5) chloromethylated polysulfone (CMPSF); (6) dispersion of CMPSF in NMP; (7) mixing and 
sonication of CMPSF and TATA+-OH solutions; reaction conditions: (A) ethanolamine/N2, 
190 °C; (B) stirred TATA+-OH; (C) paraformaldehyde, (CH3)3SiCl, SnCl4/N2, 72 h; (D) stirred 
CMPSF; (E) solvent evaporation and drying of a casted membrane. Source: Reproduce with 
permission from Thomas et al. [85].
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During the design phase of new AEMs, it is important to ensure that the mem-
brane can operate effectively under low relative humidity (RH) conditions. However, 
the current performance of AEMFCs under low RH conditions is limited by the 
electrodes. Achieving reliable low RH operation is crucial for automotive fuel cell 
applications. One common approach to enhance the AEMs’ performance is to 
improve their phase-separated morphology. This can be attained by synthesizing 
multiblock copolymers or by introducing hydrophobic polymer backbones. It is 
worth noting that the hydroxide conductivity of AEMs is influenced by the concen-
tration of cationic functional groups as well as the mesoscale structure of the poly-
mer system. Specifically, the ionic conductivity and stability of the AEMs may be 
affected by the order–disorder transition in the nano-phase-separated domains. 
When designing AEMs, it is crucial to take into account their interaction with cata-
lyst layers. The full understanding of the interface between AEMs and electrode 
faces remains somewhat elusive. For AEMs to perform optimally over an extended 
period, a robust interface is necessary to facilitate the smooth transportation of 
water and hydroxide ions through the interface between AEM and catalyst layers.

16.4.1.1  Ionomer Development
Designing ionomers separately for the anode and cathode catalyst layers is impera-
tive, as they exhibit distinct catalyst–ionomer interactions arising from varied electrode 
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potentials. In the case of anode ionomeric binders, preventing cation–hydroxide 
water co-adsorption on the surface of catalysts at HOR potentials is crucial for the 
performance and durability of AEMFCs. The commonly used methylammonium 
functional group is known to be highly adsorbed, which can have a negative impact 
on the system. To prevent this, developing less adsorbing cationic groups is a plausi-
ble approach. However, whether alkaline stable cyclic cationic groups are a better 
alternative is still unclear. Studies suggest that more bulky cations might have a 
lower adsorption energy. Another approach is to reduce the interfacial contact 
between anode ionomers and anode catalysts using particulate ionomers. This can 
decrease ionomer IECs and lead to a better performance-durability balance in 
AEMFCs. Another factor that affects AEMFC performance is phenyl adsorption, 
which can be mitigated by using ionomers that are free of phenyl groups. However, 
creating phenyl-free ionomers can be a technical challenge. Instead, ionomers with 
a non-adsorbing phenyl group can be used as an effective alternative. The main 
concern with ionomeric binders for cathodes is their susceptibility to electrochemi-
cal oxidation at high electrode potentials. The phenyl group in ionomers is particu-
larly vulnerable to this process, as it is converted to acidic phenol. One potential 
solution is to prepare phenyl-free ionomers; however, it is uncertain whether iono-
mers with non-adsorbing phenyl groups are adequate as they too can be oxidized at 
high electrode potential. It is possible that substituted phenyl groups or a favorable 
stacking configuration could help reduce the oxidation rate.

16.4.1.2  Catalyst Development
The development of catalysts for high-performance and durable AEMFCs can be 
grouped into platinum group metal (PGM)-free anode and cathode catalysts, as well 
as low-PGM anode and cathode catalysts. To create PGM-free anodes, Ni-based 
materials have been suggested [88]. However, the main challenges associated with 
Ni-based catalysts include their intrinsically low hydrogen oxidation activity; their 
tendency to surface oxidation (passivation), which leads to a gradual loss of catalytic 
activity over time; and their specific interaction with anode ionomers. The develop-
ment of PGM-free anode catalysts should be prioritized in the next few years. These 
catalysts should take into account the inherent activity of hydrogen oxidation and 
mass-transfer obstacles. Various types of PGM-free ORR catalysts have been devel-
oped. These include Metal-Nitrogen-Carbon (M-N-C) [89], metal oxides [90], and 
silver-based catalysts [91] are considered the leading compounds for alkaline oxy-
gen reduction catalysts. Of these, M-N-C catalysts have demonstrated similar per-
formance to that of Pt/C  [92]. Nevertheless, their efficacy and endurance in fuel 
cells have yet to be thoroughly assessed. One way to improve the mass transfer limi-
tations of thick layers of M-N-C catalysts is to create hybrid materials with dense 
oxide or silver catalysts. Research in this area is needed. It is important to evaluate 
the stability of non-carbon-based metal oxide or silver-based catalysts in MEAs and 
improve their catalytic activity. While studies have been conducted to assess the 
durability of PGM catalysts in ORR electrocatalysts, further research is needed  
to understand and improve the durability of PGM-free or low-PGM catalysts for 
developing long-lasting AEMFC systems.
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16.4.1.3  Membrane Electrode Assembly Developments
The fabrication methodology of the MEA plays a pivotal role in determining the 
performance and durability of AEMFCs. However, the lack of information on the 
optimized MEA structures causes hindrance in the production of highly performing 
MEAs. Two methods for fabricating MEAs have proven to be highly effective and 
durable. The first method, known as the Los Alamos standard method, utilizes a 
homogeneous ionomeric binder. The second method, developed by USC/Surrey, 
employs quaternized ionomers with limited solubility. The management of water 
within the MEA remains a challenge for AEMFCs. Excessive water can cause flood-
ing, which impedes reactant transport, while insufficient water can lead to mem-
brane drying and performance loss. Furthermore, mitigating carbonation of the 
AEM and carbon dioxide crossover is critical for maintaining high cell efficiency 
and longevity. Addressing these challenges is vital for adopting AEMFCs widely in 
various applications, such as portable electronics, transportation, and stationary 
power generation. Another challenge is the development of efficient and stable cat-
alysts for the ORR at the cathode. While platinum-based catalysts have been the 
standard, their high cost and limited availability make them less practical for wide-
spread AEMFC adoption. Researchers are actively exploring alternative catalyst 
materials that maintain high activity and stability in alkaline conditions. 
Additionally, optimizing the electrode structure and ionomer content within the 
MEA to enhance mass transport and minimize the effects of water management is 
an ongoing challenge. Addressing these challenges is crucial for the continued 
advancement and commercialization of AEMFCs as a sustainable energy solution.

16.5   Concluding Remarks

Over the past two decades, significant progress has been made by researchers in the 
areas of structural framework, cation configuration, and membrane morphology, all 
aimed at achieving a balance between the ionic conductivity and stability of the 
AEM. The implementation of systematic molecular design and meticulous regula-
tion of ion conduction channels has led to promising results in sustainable energy 
applications. This chapter delves into the research challenges and future directions 
in the field of AEMs for fuel cells, underlining the importance of interdisciplinary 
research and collaboration between material scientists, chemists, physicists, and 
engineers.

Several strategies have been discussed to enhance the AEM’s performance, includ-
ing the categorization of AEMs, such as main chain, block, long side chain, cross-
linked, and organic–inorganic composite AEM. Incorporating flexible, hydrophobic, 
or densely charged side chains reinforces micro-phase separation and accelerates 
anion transport. Cross-linking between ionic conducting groups minimizes swell-
ing and enhances membrane stability. At the same time, introducing inorganic com-
posite fillers optimizes the micro/nanostructure of the membrane to accelerate 
OH− conduction and improve stability.
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The future of AEMs in fuel cells is bright, as novel materials, innovative synthesis 
techniques, and advanced characterization methods continue to be developed. The 
development of efficient and cost-effective AEM-based fuel cells has the potential to 
revolutionize clean energy generation, making it more accessible and environmen-
tally friendly. As we embark on this exciting journey of discovery and innovation, 
we must remain committed to sustainability and environmental responsibility.

This book offers insightful information on the fast evolving and complex area of 
AEMs for electrochemical energy applications and serves as a guide for research-
ers. By addressing the outlined challenges and exploring the suggested future 
directions, we can contribute to realizing efficient and environmentally friendly 
energy conversion technologies, bringing us closer to a more sustainable and pros-
perous future.
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