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Abstract. In the context of increasing global energy consumption demand, it is necessary to search for alternative
sources of energy that are clean, renewable, and mitigate negative environmental impacts, particularly in relation to
the emissions of greenhouse gases such as methane and carbon dioxide. In this context appears the fuel cells that use
hydrogen as the main fuel and have only energy and water as a product of their chemical reaction. This study aims to
provide a theoretical overview of the main differences between proton exchange membrane fuel cells (PEMFC) and
anion exchange membrane fuel cells (AEMFC), as they are the most promising for multiple applications. Fuel cells can
be applied in stationary or portable equipment, such as electric vehicles, and can be one of the solutions for replacing
combustion engines. This literature review aims to compare the main characteristics employed in each type of fuel cell,
both proton exchange membrane and anion exchange membrane, with the aim of comparing their operations,
preparation methods, chemical and physical characteristics, advantages and disadvantages, applications, and
limitations. The membranes, whether proton exchange or anion exchange, are seen as essential components for the
fabrication of fuel cells, as they directly influence the redox reaction by allowing the passage of protons or anions from
one electrode to another, thus generating electric energy as a product. However, contamination or drying that often
occurs in these types of membranes affects their efficiency and performance. To improve proton or anion conductivity,
alternative polymeric materials to Nafion are often doped with phosphoric acid, but this reduces their mechanical
strength. To solve this problem, researchers propose using reinforcements such as particles, nanoparticles, fibers,
nanofibers, and others. However, anion exchange membranes using KOH suffer from carbon dioxide contamination.
Therefore, it is important to understand the operating mechanisms of these two mentioned fuel cell types and analyze
their prospects for improvement in research and development.
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1. INTRODUCTION

The world population reached the number of 8 billion inhabitants in 2022 according to more recent data from the
UN (2022) and, it estimates that in 2037 it will reach 9 billion people. This impact is an increase of over 56% in the
consumption of world energy in the next thirty years (Masnadi et al., 2014). The global system of energy consumes a
great number of resources, which can be finite, such as fossil fuel, or renewables, such as biomass (Speirs et al., 2015).
Conservation, efficiency, implementation of technology, and production of renewable energy are preoccupations that
are pointed out in this system (Rosenberg et al., 2013). Among the energy sources, one of them is the fuel cell, which is
an energy source of low environmental impact that converts chemical energy directly into electrical energy (Bose,
2018). One of the possible fuels that can be used in a fuel cell is hydrogen gas (Hz). Systems of energy that use
hydrogen contribute to the resolution of problems related to air pollution (Jin et al., 2022; Liu et al., 2022; Zhu et al.,
2022). Therefore, fuel cells mitigate environmental impacts because they do not emit gases which are caused by the
greenhouse effect, which could affect the air quality, once they have products their chemicals are water, electric energy,
and heat (Merle et al., 2011).

In a proton exchange membrane, the hydrogen enters the anode and causes an oxidation reaction, with a division in
hydrogen cations and electrons (H> - 2H* + 2e°). These electrons follow the external circuit producing electrical energy
by an external charge and arrive at the cathode to participate in the oxygen reduction process (1202 + 2e” > 0%). The
produced oxygen anions migrate from the cathode to the anode, undergoing the electrolyte, end the cycle, and obtaining
an electrochemical general reaction with the production of electrons and water such as product (2H* + 0% > H,0) (Fan
etal., 2022). In an anion exchange membrane, the hydrogen gas carried out in the anode reacts with the hydroxyl anions
and, consequently, generates water and electrons (H, + 20H - 2H,0 + 2¢°). Electrons are transferred by an external
circuit until the cathode, in which the oxygen reacts with the water to generate hydroxyl ions (2e- + 1/20, + H,0 >
20H"). As a general reaction, molecules from hydrogen gas react with an oxygen molecule to generate products, such as
water, electrical energy, and heat (Merle et al., 2011). Figure 1 presents schematic representation of PEMFC and
AEMFC.
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Figure 1. Schematic representation of PEMFC and AEMFC.
2. PROTON EXCHANGE MEMBRANE

The proton exchange membrane fuel cells (PEMFCs) have a polymeric membrane. This polymeric membrane has
several organic compounds with functional groups of proton exchange, which usually is used with a sulfonic group. The
PEMFCs can be used in portable equipment, aviation, automobiles, ships, and systems of stationary power (Prykhodko
et al., 2021; Wu; Chiou, 2021). The PEMFC is considered a system of conversion of energy of low environmental
impact which proportionate properties favorable such as fast start, high density of power, and efficiency (Jin et al.,
2022).

The proton exchange membrane is considered the core of the PEMFC and its main function is to serve as a solid
electrolyte. The material most common in the manufacturing of the polymeric membrane is the Nafion, whose material
is registered by DuPont. The Nafion is a membrane of perfluorosulfonic acid, whose proton conductivity depends on the
presence of water for proton solvating. The Nafion membrane operation temperature is limited below 100 °C, usually
between 50 and 90 °C at room pressure. Thus, fuel cells based on Nafion are named low-temperature PEMFCs (LT-
PEMFCs). They require the use of hydrogen extremely pure, once even small traces of carbon monoxide led to
contamination of the platinum catalyst used in the electrodes (Rao et al., 2019). Water is needed for the hydration of a
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membrane of protonic conduction, however when a quantity of water is excessive, it could have blocks in the pores of
the electrodes, and this results in swelling that could cause serious problems in the air passive diffusion (Dang et al.,
2021). The Nafion in the hydrated state presents high values of protonic conductivity, but its range of operation
temperature is below the water boiling point and its manufacturing is complex and relatively expensive (Jankowska et
al., 2021).

The proton exchange membrane together with the catalyst layer and the gas diffusion layer make up the membrane
electrode assembly. The hydrogen initially is decomposed into protons and electrons in the anodic catalyst layer.
Subsequently, protons migrate through the proton exchange membrane towards the cathode, where they combine with
oxygen for the oxygen reduction reaction, occurring in the so-called triple boundary phase. The gas diffusion layer, with
its porous structure, plays a crucial role in the transport of reactants, products, electrons, and heat. Therefore,
optimization of not only material selection, but also the triple boundary phase configuration, is essential to ensure
proper transfer of reactants, protons, electrons, water, and the necessary reaction processes. (Fan et al., 2022).

Within membrane electrode assembly, the proton exchange membrane separates the reagents gases and leads the
protons of the anode side to the cathode side. To obtain high protonic conductivity, the proton exchange in order to
provide high performance requires thermal, chemical, and electrochemical stability, high strength enough for do not
deform under loading, high capacity to separate gas, and competitive price. The perfluorinated membranes are the most
common and the presence of fluoride atoms in the membrane chain ensures good chemical oxidation and mechanical
stability (Prykhodko et al., 2021). A required proton exchange membrane should contain excellent chemical and
thermal stability, high protonic conductivity, good mechanical properties, ease of manufacturing, low cost, satisfactory
durability, and enough water uptake. The mechanism of proton conduction is related to the electrostatic interactions and
proton solvation energy. It also is characterized by high protonic mobility and activation energy, once the hydrogen
bond cleavage requires a loss of energy of about 0,11 eV (Zhu et al., 2022).

One of the materials cited to replace the Nafion in the manufacturing of proton exchange membranes is
polybenzimidazole (PBI), which can be doped with phosphoric acid. The PBI modification to use in proton exchange
membranes generates improvement in the PBI properties regarding conductivity, strength, or chemical stability. The
PBI protonic conductivity increases with the increase of acid doping level, with the increase of concentration of
phosphoric acid bath in which membranes are immersed. When PBI membranes are doped, greater acid content and
lower strength are obtained. To solve this problem, it is customary to use inorganic fillers in the polymeric membrane,
such as silica (SiOy), zirconia (ZrO,), or titanium dioxide (Pinar et al., 2012).

The thickness of the Nafion membrane plays an important role on charge and discharge stress, and time, in addition
to determining the electrolyte cross-over and membrane strength. The Nafion is considered as a material of difficult
replacement due to its better performance, such as good protonic conductivity, and excellent oxidative stability.
However, the Nafion presents limitations, which can be solved by modification methods, as well as the reticulation,
mixing, and introduction of fillers, such as hydrophilic inorganic materials, metalorganic parties, and ionic liquids. The
development and application of novelties in the proton exchange membrane require a delicate balance between physical
properties, compatibility of the membrane electrode assembly, electrochemical properties, cost, and durability (Zhu et
al., 2022).

Aromatic polymers with pyridine and quinoline are alternatives to replacing Nafion membranes, in addition to
polyolefinic polymers with repeating units of pyrrolidone and imine. In this case, membranes are considered high-
temperature polymeric electrolytes. In addition, there are options for reinforced polymers based on quaternary
ammonium, such as polysulfone (PSF), poly(arylene ether sulfone) (PAES), and poly(arylene ether ketone) (PAEK).
There is still the possibility of the use of functionalized polymers with imidazole, which include the
poly(epichlorohydrin) (PECH), poly(phenylene oxide) (PPO), and poly(vinyl chloride) (PVC) (Jin et al., 2022).

The conductivity is directly correlated with the number of donor protons and their mobility, both are a function of
the temperature. Polarization curves of a PEMFC are divided into three parts: the first happens in low current densities
that are governed by reactions that occur in the cell and is named for activation loss; in the second part polarization
curves occur in densities of intermediate current, with the region governed by ohmic drop, responsible for the protonic
mobility; The third and last part is marked for the drastic voltage drop when the current density increase and the region
is governed by mass transfer. The ohmic resistance is directly correlated with the protonic mobility through the
membrane and the ohmic drop is generalized by contacts and wires (Pinar et al., 2012). The protonic conductivity is
calculated by equation (1):

[o] = {[L]/[A}{1/[Rq]}, 1)

Where [o] is the protonic conductivity, [L] is the distance between two electrodes, [A] is the cross-section, and [R]
is the resistance (Ghosh et al., 2022).

The proton transport mechanism in a hybrid system depends on the chemical properties and surface properties of the
interface between the organic and inorganic phases. The mechanical and physical properties of composite proton
exchange membranes can be affected by low compatibility between Nafion and hygroscopic fibers. The membrane of
the composite both retains the water and increases the capacity to absorb it. The water uptake capacity of the membrane
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reinforced with silica is bigger than the recasting Nafion membrane and those from Nafion 112. The membrane
reinforced with zirconia presents greater protonic conductivity if compared only with those from Nafion (Zhu et al.,
2022).

For the performance and durability of PEMFC, the proton exchange membrane should be designed with high
protonic conductivity, gas permeability, and good mechanical properties. The introduction of polymers can regulate the
mechanical stability and the reagent gas permeability and contribute to the formation of the triple phase boundary, with
the activation of sites for the oxygen reduction reaction. The binder content is a key factor of selection because if it is
excessive, gas diffusion will be offside and if it is low, the ionic conductivity will be affected and more catalysts will be
isolated with fewer reactive sites (Liu et al., 2022). Liu et al. (2022) cite as examples of binder polymers Nafion, PBI,
poly(ether ether ketone) (PEEK), polyimide (PI), poly(ionic liquid) (PIL), polysulfate, and polyethersulfone.

Excellent chemical and physical stabilities and commercial availability are characteristics of the Nafion membrane
reinforcements. For the hydrophilic nature of the inorganic reinforcements, membranes of composites of Nafion matrix
reinforced with inorganic materials can easily keep water and show high performance at temperatures above 50 °C and
relative humidity equal to or lower than 50%. The size of reinforced particles is obtained by the dispersion method,
based on grinding of raw material, with sizes from 20 to 30 nm, or by condensation method, based on the deposition of
nanoparticles obtained, with a variety of several nanometers. Hybrid membranes have the expectation of improvement
in performance, durability, conductivity, and production on a large scale, in recycling and in industrial development that
will engage in the future (Prykhodko et al., 2021).

3. ANION EXCHANGE MEMBRANE

Alkaline fuel cells (AFCs) have demonstrated high power densities and stability during operation, working at lower
temperatures and with relatively higher efficiency compared to other types of fuel cells. They can achieve a
considerable lifespan, making them a worthy competitor to proton exchange membrane fuel cells (PEMFCs) (Gottesfeld
et al., 2018). AFCs were the first type of fuel cell to be used in practical applications, starting in the 20th century with
NASA's Apollo space program and still being necessary for aerospace applications today (Merle et al., 2011).

In the early development of the fuel cell concept, the first fuel cell to be developed and used for engineering
applications was an AFC with a liquid electrolyte solution of KOH for its operation. KOH has the highest conductivity
among alkaline hydroxides. However, the solution was also very sensitive to the presence of CO; in the air, requiring
strict control to allow only oxygen without contaminating gases to enter (Zheng et al., 2019). Due to this issue, solid
and polymeric membranes were developed to improve AFC efficiency and reduce CO; contamination. However, this
was not a permanent solution, which remains a disadvantage of AFCs and contributed to the growth and widespread use
of PEMFCs (Gilzow, 1996).

The realm of alkaline fuel cells took a significant step forward with the introduction of anion exchange membrane
fuel cells (AEMFCs) to replace traditional liquid electrolyte AFCs. Both types have similar energy generation
characteristics, but AEMFCs require higher technological rigor for their operation and membrane manufacturing
(Mustain et al., 2020 and Gottesfeld et al., 2018). The possibility of using a greater variety of solid membranes,
catalysts, and current density brings great potential for new studies.

Over the years, PEMFCs have gained significant market traction due to their stable operation and established
technology, providing confidence and safety in their use. However, in recent years, PEMs have started to face
insurmountable obstacles, mainly due to the need for electrodes with a high noble metal composition. Gradually,
research in low-temperature fuel cells has shifted towards AEMSs, given the potential to work with membranes that offer
improved ion conductivity and the advantage of reducing costs by utilizing electrodes made with less expensive metals
while maintaining relatively higher efficiency.

AEM typically requires excellent hydroxide conductivity, and its physical and chemical properties greatly influence
the performance and durability of the cells. A polymer electrolyte membrane is a key component in both fuel cells and
flow cells. It consists mainly of charged polymers, the hydrophobic backbones of the polymer are used to maintain the
structure of the membrane, and charged groups are used to construct hydrophilic ions transport channels (Huang, 2022).

With the possibility of mitigating CO, contamination in membranes and developing catalysts composed of non-rare
metals, significant investments have been made in the development of new alkaline membranes that can withstand high
temperatures, continuous ionic conductivity, and long lifespan. In agreement with Kalienkova (2021) the mechanism of
ionic conduction in the membrane is highly consistent with that of the electrolyte solution, primarily relying on ion
dissociation and free movement. Simultaneously, the hydrophilic region in the membrane acts as the ion conduction
channel, which is necessary for its proper functioning.

The significant advantage of pursuing new research directions in AEMFCs is that this type of fuel cell offers higher
current density and a wider range of catalyst utilization without the need for high-purity noble metals, thereby reducing
production costs (Kang, 2021). Generally, AEMs are primarily composed of high molecular weight compounds, such as
polymeric structures and cationic groups. The polymer backbone carries cationic groups and maintains the dimensional
stability of the AEM, while the cationic groups serve as functional groups responsible for the transport of OH". An ideal
AEM should have the highest possible ionic conductivity while maintaining the dimensional stability of the membrane.
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Unfortunately, the molecular structure of the membrane itself decomposes due to the presence of the highly
nucleophilic OH™ group. Increasing temperature, which is a common characteristic of fuel cells during operation, leads
to a reduction in ion exchange capacity (IEC), conductivity, and mechanical strength. Currently, there are still
challenges in developing a membrane that can maintain all its physical and chemical characteristics over long periods
during the operation of an AEMFC (You, 2020 and Chen, 2021).

AEMs primarily face the following four technical challenges: insufficient alkali resistance, insufficient output power
density, trade-off between properties of anion-exchange polyelectrolytes (AEPs), and ion conduction mechanism.
Cationic functional groups are susceptible to attack and degradation by OH- ions in an alkaline environment. At
elevated temperatures, such as 80°C, most cations, including quaternary ammonium, imidazole, and pyridine, among
others, are easily degraded by OH" (Miyanishi, 2016).

Indeed, aryl-ethers based on AEPs have shown limited performance in fuel cells and physical properties, leading
researchers to shift their focus towards aryl ether-free AEPs. The backbone of a polymer material plays a crucial role in
determining its solubility, mechanical properties, microphase separation ability, and flexibility. In recent years,
researchers have recognized that the backbone also plays a vital role in the fundamental stability of AEPs (Long, 2021).

Quaternary ammonium, being the earliest developed and most cost-effective ionic group, continues to be widely
used in AEM research. The degradation pathway and mechanism of quaternary ammonium cations in an alkaline
environment have been extensively investigated by researchers. Typically, researchers connect quaternary ammonium
cations to the polymer backbone using a long alkyl chain to stabilize the fundamental properties of the backbone (Chu,
2019).

Historically, in the early stages of AEM research, low-cost engineering plastics such as poly(ether ether ketone)
(PEEK) (Zhang, 2019), poly(phenylene oxides) (PPO), and polysulfone were utilized (Oh, 2019). AEMs based on
polyether polymers are achieved through backbone chloromethylation followed by amination. To this day, these
materials still occupy a significant portion of the AEM domain due to well-established synthesis procedures and
favorable yields. However, more recently, modified poly(arylene ethers) (PAES) and PEEK have been explored,
introducing additional reaction sites on the monomer intermediates through premodification approaches. For instance,
PAESDOMe-x copolymers, which employ two phenolic hydroxyl groups to bridge the cations, exhibit an improved
ionic conductivity of 76.1 mS/cm at 80°C (Xue, 2020).

4. METHODOLOGY

This article results from a search of studies in the literature that investigate the characteristics of proton exchange
membranes and anion exchange membranes. The studies analyze the proton or anionic conductivity, chemical and
thermal stability, resistance, water absorption and permeability of these membranes. A comparative analysis between
the results of different studies highlights their advantages and disadvantages.

Furthermore, this study focuses on examining specific aspects of each type of membrane, as well as their
similarities, applications, and limitations, with the aim of identifying opportunities for improvement and innovation. It
offers insights into areas where new developments can be made in parallel with current research, as well as areas with
potential for improvement.

5. RESULTS AND DISCUSSION

A total of 32 studies on PEMFC and 21 on AEMFC were examined to assess their advantages, limitations, and
applications. For PEMFC, key advantages include a wide temperature range, lightweight design, flexibility, ease of
operation, low noise, thermal stability (Nafion), and high permeability to water and cations. Limitations include voltage
drop, unstable performance, concentration polarization, and various challenges in reactions. Many of these factors are
related to the use of Nafion as a proton exchange membrane, which is effective at low temperatures but less so at high
temperatures.

Table 1. Advantages, limitations and mean uses for PEMFC mentioned in different studies researched in the literature.

Studies Studies Studies

Advantages mentioned Limitations mentioned Uses mentioned

with PEMFC* with PEMFC* with PEMFC*
Environment 19 Low temperature 15 Portable 15
friendliness (Nafion) devices
High proton Vehicles
conductivity 14 High cost (Nafion) 15 (cars, bus, 13
(Nafion) o)
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High energy . . Stationary
efficiency 13 ngh_ rfalatlve . 14 power 12
: humidity (Nafion) .
conversion stations
. - Susceptibility to
E:I\T:E:;ﬁ?l stability 13 catalyst poisoning by 10 Ships 6
CO (Nafion)
ngh_ power 9 Durability 4 Auviation 5
density
. Manufacture Household
Quick start-up 8 (Nafion) 3 appliances 1
Good mechanical . Not
strength (Nafion) 8 Recycling 2 mentioned 13
Compact design 4 Low stability of the 2
membrane
Others 12 Others 16
Not mentioned 4 Not mentioned 4

* A detailed list of all referenced studies is available at the end of the paper.

Table 2 summarizes findings from 21 AEMFC studies, highlighting advantages like acid corrosion resistance,
system robustness, low noise, and high power and energy density, along with fuel flexibility. Notable limitations
include lower power density, water management challenges, electrode-related issues, and operational inadequacies.

Table 2. Advantages, limitations and mean uses for PEMFC mentioned in different studies researched in the literature.

. Studies Studies
Studies : :
: S mentioned mentioned
Advantages mentioned Limitations ith Uses ith
with AEMFC* wit wit
AEMFC* AEMFC*
Use of non- . .
precious metal 18 LOW. z_ilkalme 12 Statlonary_ 7
stability power stations
catalysts
Faster electrode Low ionic Portable
N 10 L 9 . 5
kinetics conductivity devices
Environment 9 Lower efficiency 8 Vehicles (car, 5
friendliness than PEMFC bus, ...)
Higher .
efficiency than 4 Mrg(:r;?tr;(lezallimite d 7 Aviation 2
PEMFC prop
Efficiency
energy 3 Low lifetime 5 Household 2
conversion appliances
system
Use of non- Carbon dioxide
fluorinated 3 L 5 Ships 1
poisoning
compounds
Reduce 3 Low temperature 3 Storage energy 1
crossover of fuel systems
Durability in Backbones Installatlon_
Ruppertshain,
low temperature vulnerable to
2 - 3 and 1
and compact nucleophilic attack logical
design by hydroxide ion meteorologica
station
Others 13 Others 10 Water 1
electrolysis
Not mentioned 1 Not mentioned 2 Not mentioned 11

* A detailed list of all referenced studies is available at the end of the paper.
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In comparison with Table 1 and 2, it becomes clear that the most prominent advantages of PEMFC are
environmental friendliness, high Nafion proton conductivity, and high energy efficiency conversion. Conversely,
AEMEFC is distinguished by its use of non-precious metal catalysts, faster electrode kinetics, and environmental
friendliness. Environmental friendliness is a common theme, reflecting the low-pollution and sustainable nature of fuel
cell systems in general. While most studies favor PEMFC for energy efficiency, a few offers alternative perspectives,
suggesting that fuel cells, in general, can outperform conventional energy production systems. Nafion, valued for its
high proton conduction and stability, has limitations related to its low-temperature and high humidity requirements,
cost, and vulnerability to CO poisoning. AEMFC's potential advantages include cost reduction through non-precious
metal catalysts and faster electrode kinetics, driven by non-fluorinated compounds, as suggested by some studies.
Nevertheless, AEMFC faces notable limitations, such as low alkaline stability, limited ionic conductivity, mechanical
weaknesses, and a short lifespan, which are actively being addressed by researchers seeking innovative solutions,
including alternative polymer choices, catalyst materials, and improved water and heat management systems.

Figure 2 reveals a notable difference in the number of articles published on AEMFC compared to PEMFC,
indicating a substantial opportunity for advancements and discoveries in AEMFC technology. AEMFC studies are
relatively recent compared to PEMFC, and new research in this field can significantly contribute to further
understanding and improvement of this energy system. The growing trend in studies on both types of fuel cells
(AEMFC and PEMFC) is visible in Fig. 2, mainly with the significant increase occurring between 2010 and 2020.
While PEMFC studies began in 1991, AEMFC studies only began in 2007. Notably, in 2006, publications almost
tripled about PEMFC compared to the previous year (2005). Therefore, research on AEMFC is still in the early stages
of development, with the number of studies remaining below 200 per year.

To sum up, AEMFC studies are focused on improving performance by enhancing mechanical properties, ionic
conductivity, extending the system's lifespan, and addressing carbon dioxide poisoning issues. The attractiveness of
AEMEFC lies in its potential to use non-precious metals as catalysts, leading to substantial cost reductions, and in
employing low-cost polymer membranes for anion exchange. Researchers are actively seeking Nafion membrane
alternatives to reduce costs. Significantly, many AEMFC studies do not specify their applications, with almost half of
the surveyed articles focusing on exploring the advantages and limitations of anion exchange membranes. Some articles
may omit details about advantages, limitations, or applications. Tables 1 and 2 accommaodate studies covering multiple
aspects. These advantages and limitations are subjects of extensive global research efforts.

Articles published in Journals with "PEMFC" and "AEMFC"

1,800
1,600
1,400
£ 1,200
%
£ 1,000 Articles
o published with
£ 800 TPEMFC"
E m Articles
< 600 published with
"AEMFC"

400

0 _...llllllll
AV WYX ADD NSO XD =AM T N0 ey
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I O O B B B B i T T e R R i R R = I I ]
A B B B B B B I o B o B B B B o I B I B I B I I B N B B I B L B

Year of publish

Figure 2. Graphic representation of PEMFC and AEMFC articles published over the years.
6. CONCLUSION

In this study, it was observed that proton exchange membranes (PEMs) and anion exchange membranes (AEMS)
operate with different ion exchange mechanisms due to the distinctions in their structures. Both produce water and
electricity from hydrogen and oxygen, but their individual characteristics influence possible applications and
limitations, particularly in the context of mobile systems and prolonged use. AEMs offer higher current density and
allow the use of high-purity noble metals, reducing costs compared to PEMFCs. This results in an increase in research
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on AEMFCs. However, the lower durability of AEMs requires treatments to strengthen their structure and ensure long-
term efficiency, which represents a significant economic challenge.

The development of membranes for PEMFCs has advanced considerably in recent decades, resulting in a greater
amount of research compared to AEMFCs. This is since anion exchange membranes are a relatively recent area and still
in the early stages of large-scale application. The focus in AEMFCs is improving their conductivity, while membranes
for PEMFCs are designed to improve a combination of properties, covering economic, electrical, chemical, mechanical
and durability aspects. There is a growing demand for polymeric membranes that replace liquid electrolytes in AEMs,
aiming for long-term stability and efficiency, reducing costs, and expanding applications. In PEMFCs, there is an effort
to replace Nafion membranes with other polyelectrolytes, diversifying materials and reducing manufacturing costs for
electrodes with noble metals.
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