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Abstract

This article provides a comparative analysis of sustainable polymer membranes based on
biopolymers and Nafion in the context of proton exchange membrane (PEM) for water
electrolyzers. Nafion, a perfluorinated polymer, has been a standard choice for PEM
applications due to its excellent proton conductivity and chemical stability. However, the
sustainability challenges associated with its production, lifecycle and cost necessitate the
exploration of alternative materials that may offer comparable performance while being
environmentally friendly. The most promising alternative polymer for PEM electrolyzers
appears to be cellulose with good thermal stability at 200 ◦C and a water absorption of 35%,
which is slightly higher compared to Nafion membranes with a water absorption value of
around 30%. Sustainable PEMs also have much lower hydrogen permeability, e.g., chitosan
has been determined to have a permeability of 7 barrers, while Nafion is characterized
by a value of more than 100 barrers. The biggest drawbacks of sustainable membranes
are proton conductivity and durability, where Nafion membranes are still superior. This
review also focuses on mechanical properties, chemical resistance, preparation methods
and cost-effectiveness. Sustainable polymers show promising properties for supporting
efficient hydrogen production, especially in dynamic operating environments facilitated by
renewable energy sources.

Keywords: proton exchange membrane; water electrolysis; sustainable materials; green hydrogen

1. Introduction
Hydrogen technology is rapidly emerging as a pivotal component in the global tran-

sition to sustainable energy, primarily due to its potential to decarbonize various sectors.
Hydrogen can serve as a clean energy carrier, facilitating the integration of renewable
energy sources such as wind, solar, and hydropower into existing energy systems [1].
Importantly, hydrogen technologies encompass a wide array of processes, including hy-
drogen production, storage, transportation, and utilization in various applications such
as transportation, power generation, and industrial processes [2]. One of the core aspects
of hydrogen technology is its production methods, which can be broadly categorized into
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green hydrogen (produced via electrolysis using renewable energy), blue hydrogen (de-
rived from natural gas with carbon capture and storage), and grey hydrogen (produced
from fossil fuels without carbon capture) [3].

Proton exchange membranes (PEMs) are critical components in several electrochemical
devices, primarily fuel cells, facilitating the conversion of chemical energy into electrical
energy [4]. Another significant application of PEMs is in proton exchange membrane water
electrolyzers (PEMWEs), which produce hydrogen through the electrochemical splitting
of water using electrical energy preferably sourced from renewable resources [5]. The
efficiency of this process is critically dependent on the ion conductivity and durability
of the membranes used, making advancements in PEM technology crucial for scaling up
hydrogen production systems [6].

The aim of this review is to explore the materials that are used or have been studied
as possible alternatives for the preparation of PEMs. There are many materials which are
being used for PEMWE application nowadays; however, for this review were selected
4 most commonly used non-sustainable materials which are Nafion (with all its types)
polyetheretherketone (PEEK), polybenzimidazole (PBI) and sulfonated poly(arylene ether-
sulfone) (sPAES). From sustainable materials also 4 polymers were selected for this review-
cellulose, sodium alginate, chitosan and lignin. There are also other sustainable materials
possible for PEMWEs applications such as polyvinylalcohol (PVA), pectin or k-carrageenan,
but they are not included in this review because they are not very common and there was
not enough information about their usage in PEMWEs. Sustainable polymers, like cellulose-
based membranes, not only provide an eco-friendly alternative due to their renewability
but also display excellent mechanical properties and lower production costs [7]. The shift
toward bio-based materials could reduce the carbon footprint associated with PEM manu-
facturing, facilitating the transition to greener technologies in hydrogen production [8].

2. Fundamental Principles
2.1. Water Electrolyzer with Proton Exchange Membranes

A PEM water electrolyzer—PEMWE is a device in which water is split into hydrogen
and oxygen using electric power Equation (1). When voltage is applied, water is fed to the
anode, where it undergoes oxidation: water molecules split into oxygen gas, protons (H+),
and electrons. The oxygen molecules are released at the anode Equation (2); the protons
migrate through the PEM—which selectively allows protons to pass—while the electrons
travel through an external circuit. At the cathode, the protons and electrons recombine to
form hydrogen gas Equation (3) [9]. The membrane acts also as a gas separator, preventing
hydrogen and oxygen from mixing. PEM electrolyzers offer advantages such as high purity
hydrogen, compact design, and operation at high power densities and pressures. However,
they face challenges including the high cost of noble metal catalysts (like iridium and
platinum) and the need for very pure water to protect the membrane from fouling and
degradation and ensure its durability [10,11].

Global reaction : H2O → H2 +
1
2

O2 (1)

Anode reaction : 2H2O → 4H+ + O2 + 4e− (2)

Cathode reaction : 2H+ + 2e− → H2 (3)

Equations describing processes in PEM water electrolyzer [12].
Water electrolysis is an endothermic process, which requires external energy in or-

der to proceed. The theoretical electrical energy required for the electrolysis of water
can be calculated based on the Gibbs free energy change associated with the reaction,
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which for splitting water is approximately 237.2 kJ/mol at around 1.23 V under standard
conditions [13]. However, in practical applications, the actual voltage required to achieve
electrolysis exceeds this theoretical value due to overpotentials caused by various factors,
mainly the slow kinetics of the hydrogen evolution reaction (HER) and especially of oxygen
evolution reaction (OER) [9]. Typical operating voltages for PEM electrolyzers generally
range from 1.8 to 2.0 V, depending significantly on the design and materials used. The
efficiency of the PEM electrolyzer is crucial when considering the power needed for opera-
tion. It is often quoted that PEM electrolyzers demonstrate an efficiency of about 70–80%,
meaning a significant fraction of the input electrical energy is converted into the chemical
energy of hydrogen [14]. The efficiency of the eletrolyzer depends on many factors such as
power supply, water flowrate, operating temperature and others. Ideal working conditions
are current density of about 250 mA/cm2, a water flowrate of 2 mL/min with a temperature
of 70 ◦C [15].

2.2. Structure of the Electrolyzer Cell Unit

Generally, an electrolyzer is composed of a varying number of electrolytic cells. Each
cell is made up of several components (Figure 1). A critical component of PEM electrolyz-
ers is the membrane itself, which facilitates ion transport while acting as a barrier for
gases to prevent gas crossover, which enhances operational safety and efficiency. Another
two important parts are gas difusion layer (GDL) and porous transport layer (PTL). The
GDL primarily facilitates gas transport and conducts electricity, while the PTL is tailored
to manage water distribution and gas removal efficiently. Catalyst layers are on both
cathode as well as anode, making the electrolysis possible. Another key component in
PEM electrolyzer are bipolar plates which encompass gas distribution, current collection,
thermal management, structural integrity, and water management. The catalyst layers
support electrochemical reactions [16,17]. Typically, the anode consists of noble metals like
iridium oxide (IrO2) or platinum-based catalysts, because of the strong acidic environment
from H+ ions. Cathode also uses noble metals such as platinum supported on carbon
to optimize performance [18]. Catalyst development is a significant area of innovation,
particularly in reducing dependence on precious metals, e.g., by incorporating base metals
and composites [19].

 
Figure 1. Structure of PEM electrolyzer cell unit.
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2.3. The Basic Working Mechanisms of PEMs and Electrolytes

The PEM is a crucial component of the water electrolyzer, acting as a solid electrolyte
with proton conductivity. It is specifically designed to let only hydrogen cations (protons)
pass towards the cathode, where they recombine into hydrogen molecules (Figure 2). This
hydrogen is usually called “green hydrogen” because its production requires only water
and leaves no pollutants; however, produced hydrogen can be called “green” only if the
power supply comes from renewable sources [18,20]. A significant property of PEM is to
prevent the passage of H2 or O2 through the membrane, the so-called crossover, which
commonly occurs. This crossover results in a loss of system efficiency, but it is important
to monitor it primarily from a safety perspective. Hydrogen in oxygen is explosive in the
range of 4–95 vol. %. Generally, when operating the PEM electrolyzer, the concentration of
hydrogen in the oxygen stream must remain below 4% by volume. For safe operation of
systems, a maximum tolerable amount corresponding to 50% of the lower explosive limit
(LEL) is usually specified. Thus, the risk can be mitigated by implementing an automatic
shutdown of the electrolyzer once the concentration of hydrogen in the oxygen reaches
2–3 vol. % [21].

Figure 2. Principal of PEM electrolyzer.

The passage of hydrogen protons across the membrane is described by two mecha-
nisms: Grotthuss and Vehicle mechanism. The Grotthuss mechanism (Figure 3) requires
a hydrated membrane to be conductive. In this mechanism hydrogen protons hop to a
water molecule creating a hydronium ion H3O+, which almost immediately recombines
into H2O and H+. That hydrogen proton then “hops” onto another water molecule creating
H3O+ again. The activation energy for this process was measured to be 14–40 kJ/mol.
This process repeats over and over again until hydrogen protons reach the other side of
the membrane [22,23].
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Figure 3. Grothuss mechanism of proton conductivity.

The Vehicle mechanism relies (Figure 4) on molecular diffusion, where protons navi-
gate through the PEM along with the water molecules. It relies on diffusion of hydronium
ions such a H3O+, H5O2

+ and H9O4
+ in water using hydrogen bonds. The efficiency of this

mechanism depends on the membrane structure and water flow [23,24].

Figure 4. Vehicle mechanism of proton conductivity.

During PEM electrolysis both Grothuss as well as Vehicle mechanism are happening
at the same time, however Vehicle mechanism generally exhibits lower efficiency compared
to the Grothuss mechanism due to slower diffusion and the larger molecular size involved
in the transport process [9]. The larger molecular weight results in slower kinetics, leading
to increased energy consumption during water dissociation, which is less optimal for
high-performance applications [25]. To enhance the reliance on the Grothuss mechanism
for proton transport in Proton Exchange Membrane (PEM) electrolyzers, a multifaceted
approach is essential. One of the primary strategies involves the development of advanced
membrane materials that optimize proton conduction. Membranes should be engineered
with high levels of sulfonic acid groups to improve hydration and maintain an environment
conducive to the Grotthuss mechanism. Adequate hydration is critical since the effective-
ness of this mechanism hinges on the presence of water molecules facilitating rapid proton
hopping through hydrogen bonds [26].

3. Materials for PEMs
The investigation of membrane types reveals a diverse group of materials and applica-

tions, each offering unique advantages and challenges in their respective fields. Materials



Water 2025, 17, 3297 6 of 44

for PEMs are being selected based on properties they need to have [27] (Table 1). The
molecular structure of the polymer backbone directly impacts the PEM proton conduc-
tivity and durability. Most membranes have been shown to enhance proton conductivity
through the introduction of sulfonic acid groups, which increase the membrane water
uptake capacity and facilitate proton transport via hydration layers formed within the
membrane matrix [28]. Sulfonic acid groups also significantly increase the density of charge
carriers within the membrane. The sulfonic acid functionalities dissociate in the presence
of water, releasing protons (H+) that become available for conduction. This is also the
reason why proper hydration of the membrane is required [29]. The backbone composi-
tion of the polymer is critical for its mechanical and thermal stability. Polyfluorosulfonic
acids, such as Nafion, are commonly used in PEMs primarily due to their strong thermal
and chemical resistance. PEEK, PBI or sPAES have high stability and durability due to
aromatic rings, which enhances mechanical integrity by providing stability under harsh
electrochemical conditions [30].

Furthermore, the porosity of a membrane significantly impacts the balance of water
management within the electrolyzer. An increase in the membrane porosity can enhance
water transport to the reaction sites, which is essential for effective electrolysis; however,
excessive porosity may facilitate the crossover of gases, undermining hydrogen production
efficiency. The water management in PEM electrolyzers is delicate, as an optimal amount of
water is required to achieve both high ionic conduction and minimized gas crossover [31].

Furthermore, this review discusses and evaluates selected materials for PEM based on
their proton conductivity, water absorption, power density, durability, gas permeability,
and thermal stability.

Table 1. General properties and its common values for PEMs.

Thermal Stability
(◦C)

Water Uptake
(wt%)

Power Density
(mW·m2)

Durability
(h)

Proton Conductivity
(mS/cm)

Hydrogen Permeability
(Barrer)

Common
values

70–100
[32]

28–100
[33]

800–2000
[34]

40–50
[19]

50–150
[35]

0.1–1.0
[31]

3.1. Commonly Used Materials

The most common materials for PEMs are Nafion and sulfonated membranes with
SO3H functional groups because of their unique properties like water uptake, proton
conductivity and durability [36]. These materials are however facing challenges in terms
of very high cost and degradation to toxic residues. This is the reason why nowadays
scientists are trying to replace perfluorinated polymers like Nafion, PEEK, sPAES and
others with more sustainable and cost-effective materials.

3.1.1. Nafions

Nafion is considered to be the most used ion exchange membrane in electrolyzers.
The structure of Nafion comprises a hydrophobic polytetrafluoroethylene (PTFE) backbone
with pendant sulfonic acid (–SO3H) side groups that endow it with ionic conductivity
(Figure 5). The presence of these sulfonic acid groups facilitates the formation of water-
containing ionic channels, which act as conduits for proton transport [37]. This design
allows Nafion to maintain high ionic conductivity under a range of operational conditions;
however, it is particularly sensitive to changes in relative humidity and temperature, which
can adversely affect its performance [38]. Nafion can maintain decent performance at
elevated temperatures (up to 80 ◦C), though its performance heavily relies on adequate
hydration for sustaining conductivity. Despite its strengths, Nafion faces challenges related
to chemical degradation and environmental sensitivity. Continuous long-term operation
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can cause stress-induced deterioration and increased susceptibility to oxidative damage,
which affects its long-term viability [39]. Consequently, significant research is dedicated
to improving Nafion chemical stability and reducing its degradation rates under various
operational conditions [40].

 
Figure 5. Structure of Nafion. The red color highlights the presence of the main functional group—the
sulfonic acid side group.

At lower temperatures, specifically near room temperature, Nafion 112 exhibits re-
duced proton conductivity, which directly affects the hydrogen generation efficiency. For
instance, research indicates that operating at 30 ◦C resulted in a peak electrolysis perfor-
mance value of approximately 263.76% efficiency at a current of 7.59 A [41]. However,
as the temperature increases, so does the membrane conductivity due to the enhanced
mobility of protons. Operating temperatures approaching 80 ◦C allow for a notable increase
in current density, potentially exceeding 5 A/cm2, which can significantly enhance the
overall efficiency of hydrogen production. According to the literature, significant ohmic
resistance develops across Nafion membranes at elevated current densities, particularly
at temperatures above 80 ◦C. This increased resistance can diminish the efficiency gains
expected from higher temperatures and current densities, as it introduces additional energy
losses in the system. It has also been stated that the operating limits of Nafion membranes,
although they can operate at temperatures up to 140 ◦C, significantly limit the moisture
level due to water loss at increased vapor pressure and non-uniform transport, with re-
duced ionic conductivity and therefore the membranes may operate inefficiently [42]. Also
chemical and mechanical damage of membrane interface can be expected, which can lead
to the fluoride emission (in case of Nafion) and membrane thinning [43].

Several commercially available types of Nafion membranes are distinguished pri-
marily by their thickness and ion exchange capacity. Common types include Nafion 112,
Nafion 115, Nafion 117, and Nafion 212 (Table 2). The differences between them can be
attributed to their thickness, proton conductivity, chemical structure and composition,
water uptake properties, mechanical characteristics, and suitability for specific applications.
These criteria collectively inform the selection of Nafion membranes based on perfor-
mance requirements in various electrochemical systems [44]. For instance, Nafion 117 is
frequently used in commercial applications due to its balance of performance and cost,
while Nafion 212 exhibits an enhanced proton conductivity derived from a higher ion
exchange capacity, making it more suitable for high-performance applications [45,46]. The
performance of Nafion membranes can significantly vary based on their type and composi-
tion. Nafion 117 exhibits a high proton conductivity due to its appropriate thickness and
maintains an adequate level of water retention necessary for efficient proton transport [47].
Thinner membranes such as Nafion 112 are generally preferable for applications requiring
high proton permeability, while thicker membranes like Nafion 117 may serve specific
roles in applications where gas crossover needs strict control. Therefore, the selection
of membrane thickness must consider both the desired performance outcomes and the
operational constraints of the PEM electrolyzer systems.
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• Nafion 112

Nafion 112 is commercially one of the most used Nafion membranes in various electrolyz-
ers and fuel cell applications due to its exceptional proton conductivity 100–120 mS/cm [48]
and thermal stability—its thermal degradation starts around 200 ◦C [49]. Its thickness is ap-
proximately 50 µm [50] and its tensile strength was measured 19.1 MPa in hydrated state [51].
Membrane thickness significantly affects proton passage in PEM electrolyzers, with thinner
membranes like Nafion 112 generally exhibiting better conductive properties due to structural
advantages that promote enhanced proton mobility [44]. Nafion 112 maintains a high ionic
conductivity in both humidified environments and at elevated temperatures, making it a
prime choice for applications such as PEM Fuel Cells [52,53]. The high proton conductivity of
Nafion 112 is attributed to the presence of sulfonic acid groups that facilitate ionic transport.
This polymer enables the formation of hydrophilic domains within a hydrophobic matrix,
essential for ion conduction through proton hopping mechanisms [46]. Its water uptake is
28–30% [54]. The thermal stability of Nafion 112 is another critical factor; it generally operates
efficiently at temperatures up to 80 ◦C. Nafion 112 has exeptional durability which is around
2000 h [55]. However, modifications can enable functioning at higher temperatures, thus
expanding the operational range [56]. Despite its advantages, Nafion 112 faces challenges such
as degradation when exposed to high temperatures and oxidative environments. Thermal
degradation occurs in multiple stages, leading to weight loss and mechanical failure if not
properly addressed [57].

• Nafion 115

Nafion 115 exhibits a high ionic conductivity, typically reported around 100–200 mS/cm [54],
underpinning its efficacy in facilitating proton transport during electrolysis [58]. The mem-
brane thickness of approximately 127 µm strikes a balance between conductivity and ohmic
resistance, yielding notable energy efficiency and enhanced electrolyte utilization at power
densities approximately 800 mW/cm2 [48]. Although it is most effective at temperatures
from 60 ◦C to 80 ◦C, it is also capable of operating at elevated temperatures up to 150 ◦C
without significant degradation, highlighting its versatile applicability in high-temperature
electrolyzer designs, but only modified using polyphenylsulfone as a cross-linker [59]. The
utilization of Nafion 115 in these devices is associated with improved overall performance
metrics, particularly in terms of power density and voltage efficiency [60]. For instance,
studies in the recent literature indicate that PEM electrolyzers employing Nafion 115 can
achieve stable operation at high power densities around 800 mW/cm2 [48], contributing to
cost-efficiency in hydrogen production. Furthermore, advancements in hybrid membranes,
combining Nafion with materials like CeO2 and graphene, have resulted in enhanced dura-
bility and power density, indicating a promising future for modified Nafion membranes in
electrolyzer applications [60,61].

• Nafion 117

Nafion 117 is a widely used polymer electrolyte membrane in water electrolyzers,
particularly for hydrogen production [62]. Its thickness is 183 µm [63] and the ideal temper-
atures under which Nafion 112 operates are between 50 and 80 ◦C [64]. The performance
of Nafion 117 is significantly influenced by factors such as membrane thickness, which
is 183 µm [63]; this affects ionic transport properties and overall voltage losses during
operation. Studies indicate that thicker membranes, such as Nafion 117, exhibit a higher
ohmic overvoltage compared to thinner membranes, resulting in increased operational
voltage [62]. The efficiency of Nafion 117 in water electrolyzers also relates to its capa-
bility to maintain proton conductivity of 100–120 mS/cm. Research shows that while
Nafion membranes can perform well at power densities exceeding 900 mW/cm2 [48],
they encounter substantial ohmic losses due to membrane resistance, especially critical in
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high-performance systems [42,65]. To address this limitation, innovations in membrane
design have been explored, including the use of nanostructured materials and composite
formulations to enhance conductivity without compromising stability [66].

• Nafion 212

Nafion 212 is the third most commonly used Nafion in PEM water electrolyzers, partic-
ularly known for its effective role in facilitating proton transport during the electrochemical
process of water electrolysis. One notable advantage of Nafion 212 is its relatively thinner
membrane design, approximately 50 µm in thickness, which is comparable to Nafion 112.
This reduces the ionic resistance and enhances electrolysis efficiency when compared to
thicker membranes such as Nafion 117, which is critical at high power densities above
860 mW/cm2 [65,67]. The higher ionic conductivity 100–120 mS/cm of Nafion 212, particu-
larly under wet conditions in water uptake of 45% [54], facilitates rapid proton transport,
thus supporting larger power densities without extensive voltage losses, a common limita-
tion in other membrane types [67]. However, one challenge associated with Nafion 212 is
the crossover of hydrogen through the membrane. While this is a known issue in PEM ap-
plications, recent studies on Nafion suggest that optimally managing operating conditions
and membrane characteristics can mitigate this effect, allowing for the use of Nafion 212 in
applications requiring high-purity hydrogen production [68].

• Disadvantages of Nafion

Despite its widespread use, there are significant challenges and disadvantages associ-
ated with Nafion that limit its performance and application scope in PEMWE. One primary
concern is Nafion high sensitivity to dehydration, particularly at elevated temperatures.
When operating at temperatures above 80 ◦C, Nafion membranes exhibit a rapid decrease
in proton conductivity due to water evaporation, leading to performance degradation. This
characteristic imposes significant constraints on operational temperatures, limiting the
efficiency of PEM electrolyzers that could otherwise benefit from improved reaction kinet-
ics at higher temperatures [69]. The continuous requirement for water management also
presents a challenge, as maintaining water uptake for at least 28% is crucial for sustaining
proton conductivity [70].

Another issue is the chemical stability of Nafion under operational stresses. Research
has shown that long-term exposure to oxidative environments and the presence of catalysts
can lead to the degradation of Nafion membranes, resulting in reduced performance and
lifespan [71]. The accumulation of radicals and chemical species during operation can exac-
erbate this degradation, risking membrane integrity and functionality over time [72]. Such
vulnerabilities necessitate the development of enhanced versions of Nafion or composite
membranes to improve its resistance to chemical attack while still functioning effectively.

Moreover Nafion is derived from fossil fuels and involves complex chemical processes.
Its production is much more energy-intensive, with emissions estimates around 2.5 kg
of CO2 per m2 of Nafion membrane produced. The manufacturing processes for Nafion
membranes indeed release significant greenhouse gases due to the petrochemical nature of
the raw materials and energy-intensive methods needed for their production [73].

Cost is another significant drawback of Nafion. As a commercially manufactured
perfluorosulfonic acid polymer, Nafion tends to be expensive, which can escalate the overall
cost of PEM electrolyzer systems. This economic factor can inhibit widespread adoption,
especially in applications where cost efficiency is paramount [74]. Alternative materials,
such as sulfonated block copolymers or more affordable hydrocarbon-based polymers, have
been studied as potential substitutes to mitigate cost concerns [75]. However, these alterna-
tives often struggle to match Nafion high conductivity and other desirable characteristics,
leading to a complex trade-off in performance and cost.
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3.1.2. Poly(Ether Ether Ketone) (PEEK)

PEEK membranes have gained substantial attention as potential PEM for use in
electrolyzers due to their favorable properties, including excellent thermal stability of
300 ◦C [76] and chemical stability, mechanical strength, and reasonable proton conductivity
in the range of 60–70 mS/cm [77]. These characteristics make PEEK a strong candidate for
the development of advanced electrolyzer technologies, particularly in PEMWEs [10,78].
By introducing sulfonic acid functional groups (Figure 6), the ionic exchange capacity of
PEEK is significantly improved, facilitating enhanced proton transport through the mem-
brane [79]. Studies have demonstrated that sPEEK membranes can achieve high levels of
proton conductivity, particularly when subjected to humidified conditions, which are typi-
cal in PEM electrolyzer operations. This trait is essential to ensure efficient electrolysis and
reduce energy losses associated with Ohmic losses [80]. Moreover, one of the advantages
of using PEEK-based membranes in electrolyzers is their superior mechanical strength
compared to traditional ionomers like Nafion. This quality results in better durability and
longer operational life in harsh electrochemical environments, where mechanical integrity
is critical [78]. In high-temperature or variable operational scenarios, the robustness of
PEEK membranes mitigates risks of physical degradation, which can be observed in softer
membranes under prolonged electrolysis conditions [81].

Figure 6. Chemical structure of PEEK.

Significant limitation of PEEK membranes is their relatively low ionic conductivity
compared to Nafion. Although PEEK exhibits good mechanical strength and thermal
stability, its ionic conductivity is often insufficient for high-performance electrolysis ap-
plications. This reduced conductivity can lead to higher internal resistance, which in
turn can adversely affect the overall efficiency and performance of PEM electrolyzers op-
erating at high power densities [82]. Another drawback is the high cost of PEEK itself,
which can limit the commercial viability of PEEK-based membranes in broad applications.
Even though PEEK offers excellent stability and durability, the price of PEEK materials is
higher than that of some polymer alternatives, including sulfonated variants that are less
costly than traditional Nafion. PEEK membranes can also be more challenging to fabricate
compared to Nafion, which has well-established processing techniques. Issues related to
dimensional stability and the necessity for advanced fabrication methods can complicate
the manufacturing processes for PEEK membranes [83]. Finally, chemical compatibility
remains a concern. Although PEEK has good resistance to many corrosive environments,
the aggressive conditions present in PEM electrolysis, particularly with certain catalysts,
might lead to unexpected degradation or changes in performance over prolonged opera-
tion periods [82]. This is essential when considering membrane longevity and reliability
in commercial deployments. The production of PEEK membranes involves several key
processes: polymer synthesis, sulfonation, and membrane casting. While specific literature
data directly addressing PEEK production emissions is sparse, estimates derived from
similar high-performance polymer membranes suggest that emissions could be in the
range of 1.5 to 2.0 kg CO2/m2. This range considers the energy-intensive steps required in
polymer synthesis and the additional energy required during the sulfonation process [84].
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3.1.3. Polybenzimidazole (PBI)

Polybenzimidazole has garnered significant interest as a PEM in electrolyzers, par-
ticularly due to its unique properties, such as high chemical stability, excellent thermal
endurance above 400 ◦C [85], and the ability to operate effectively without added humidity.
These characteristics make PBI membranes suitable for both high-temperature and challeng-
ing electrochemical environments in applications such as hydrogen production through
water electrolysis [86,87]. One critical advantage of PBI as a PEM is its high mechanical
strength and stability, essential for maintaining membrane integrity during prolonged
operation under acidic conditions. When PBI is doped with phosphoric acid or sulfonated,
its imidazole groups are protonated (Figure 7), which enhances its proton conductivity
significantly from 30 to 40 up to 70 mS/cm [77,88]. For example, studies have shown that
sulfonated PBI membranes can outperform traditional Nafion membranes in acidic elec-
trolyzers, providing lower cell voltages at similar power densities of 600 mW/cm2 [48,87].
PBI resilience extends to high-temperature applications, where it can maintain its perfor-
mance without the need for water, unlike many conventional membranes that require
hydration to function efficiently. For instance, para-PBI membranes have been successfully
used in hydrogen chloride (HCl) electrolyzers, where they can operate at temperatures
exceeding 160 ◦C while retaining high proton conductivity and stability [86,89].

Figure 7. Chemical structure of PBI.

One of the main challenges associated with PBI membranes is their low proton conduc-
tivity (30–40 mS/cm) compared to Nafion. Even though PBI can tolerate high temperatures
and harsh chemical environments, its ionic conductivity can fall short, particularly under
low-humidity conditions [90]. While research efforts are ongoing to enhance their proton
conductivity through various doping strategies, achieving competitive conductivity levels
remains a challenge [87]. The mechanical stability of PBI membranes can also be compro-
mised with elevated phosphoric acid doping levels. While acid doping increases proton
conductivity, it introduces a plasticizing effect that may decrease the overall mechanical
integrity of the membranes, making them less durable under operational stresses [91]. Con-
tinued exposure to operational conditions can exacerbate this issue, leading to dimensional
instability and increased risk of failure [92]. Additionally, the cost of PBI membranes is
often higher compared to other membrane materials, including Nafion. Manufacturing
processes for PBI can be more complex and expensive, which may limit broader industrial
applications. The economic factors associated with the production of PBI membranes may
hinder their competitiveness in a market that increasingly demands lower-cost solutions
for hydrogen generation technologies [93]. Moreover, the integration of PBI membranes
into PEM electrolyzers involves challenges regarding fabrication and scaling. Developing
uniform and defect-free PBI membranes while maintaining the desired properties is a
technical challenge that requires additional research and development. This complexity
can increase both time and costs associated with producing viable membrane solutions for
commercial applications [94]. The production of PBI membranes typically involves synthe-
sizing polybenzimidazole through polymerization processes. The environmental analysis
indicates that the energy input for producing PBI membranes may lead to emissions around
1–1.5 kg CO2 per square meter of membrane, depending on the production technology and
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the phosphoric acid doping used for enhancing proton conductivity. This estimate covers
raw material preparation, polymerization, and membrane processing stages [95].

3.1.4. Sulfonated Poly(Arylene Ether Sulfone) (sPAES)

sPAES membranes are known for their high thermal stability (260 ◦C) [96] and resis-
tance to chemical degradation. Research indicates that these membranes maintain their
structural integrity even at elevated temperatures, outperforming many traditional mem-
branes [97,98]. The incorporation of sulfonic acid or -CF3 groups (Figure 8) in the polymer
backbone enhances proton conductivity while ensuring the membrane remains stable
under operational stresses [99,100]. The ionic conductivity of sPAES membranes is closely
linked to their degree of sulfonation. Studies show that higher sulfonation levels lead to
increased ion exchange capacity (IEC), which can enhance proton conductivity [38,101].
However, excessive sulfonation can result in membrane swelling and loss of mechanical
strength, posing challenges for their practical application [100]. Balancing sulfonation
levels is crucial to optimize conductivity while maintaining physical integrity [102]. Recent
advancements have explored the development of hybrid sPAES membranes, combining
them with other materials to improve proton conduction and mechanical properties. For
instance, the addition of silsesquioxane units has been shown to enhance the hydrophilic
character of sPAES membranes, resulting in an improved hydrolytic stability and overall
performance in wet conditions [103]. The application of sPAES membranes in electrolyzers
has shown promising results, particularly in terms of performance metrics such as power
density and voltage efficiency. These membranes are capable of operating effectively under
varying humidity levels, which is often a limitation for conventional PEMs [104,105].

Figure 8. Chemical structure of sPAES. Reproduce with permission [106]. Copyright 2003 Elsevier.

One of the primary concerns is the relatively lower proton conductivity (80–90 mS/cm) [107]
of sPAES membranes compared to Nafion. While studies suggest that sPAES membranes
can exhibit competitive conductivity, it is generally not sufficient for high-performance
applications, particularly at elevated temperatures or low humidity levels. Preliminary
studies have reported that while the proton conductivity of some sPAES membranes is
promising, it often does not match the performance of Nafion under similar conditions,
which can adversely affect the efficiency of the electrolyzer [108]. Moreover, sPAES may
require humidification to maintain optimal conductivity, complicating system design and
operation. Chemically, sPAES membranes may exhibit limited stability under the acidic
environments prevalent in PEM electrolyzers. Their long-term durability remains a concern,
particularly when exposed to reactive species generated during the anodic and cathodic
reactions essential for water electrolysis. Tests have shown that degradation can occur
under prolonged operational stresses; however, specific assessments of sPAES membranes
under these conditions are still emerging [109]. As such, while sPAES membranes are
designed to resist dissolution, structural weaknesses can quickly lead to failure, resulting
in increased maintenance costs and system downtime. The process of producing sPAES
membranes involves several stages, including polymer synthesis, sulfonation, and mem-
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brane casting. Specific CO2 emission data for sPAES is not directly available; however,
similar high-performance membranes generally result in emissions in the range of 1.2 to
2 kg CO2/m2 [84].

3.1.5. Hybrid Membranes

Hybrid membranes combining phosphoric acid and sulfonic acid functional groups
have emerged as a promising approach to enhance the performance of PEMs in electro-
chemical applications such as PEMWEs (Figure 9). The integration of these functional
groups aims to harness the advantages of each, improving proton conductivity while main-
taining stability across a wider range of operational conditions. PEMs utilizing sulfonic
acid groups are widely acclaimed for their high proton conductivity and efficiency in
transporting protons. These characteristics are strongly influenced by water molecules,
which facilitate proton transfer at lower temperatures [110]. On the other hand, traditional
sulfonic acid-based membranes, such as Nafion, face challenges related to performance
under high temperature and low humidity scenarios. Specifically, sulfonic acid degra-
dation can limit the applicability of these membranes at temperatures above 100 ◦C. To
overcome these limitations, hybrid membranes that incorporate phosphoric acid groups
(H3PO4) alongside sulfonic acid groups have been investigated. Phosphoric acid can
enhance proton conductivity while improving thermal and chemical stability, making
these hybrid membranes suitable for higher temperature applications [111,112]. Recent
studies indicate that membranes functionalized with both sulfonic and phosphoric acid
groups exhibit synergistic effects that can lead to improved performance metrics for PEM
applications. For instance, dual functionality allows for superior ion transport properties
compared to membranes that rely solely on sulfonic acid domains. The hybridization of
these acid groups has been shown to achieve a fine balance between conductivity and
stability, thereby allowing operation in more demanding conditions [111]. The advantages
of hybrid sulfonic/phosphoric acid membranes extend beyond mere conductivity. The
structural designs of these membranes can facilitate enhanced phase separation, leading to
improved proton conduction pathways through the formation of well-defined hydrophilic
domains within a hydrophobic matrix [113].

The most commonly used hybrid membrane not containing Nafion is Zirconia Tough-
ened Alumina (Zirfon). One of the key advantages of Zirfon membranes is their enhanced
mechanical strength and toughness. Research has shown that zirconia promotes a phase trans-
formation mechanism that increases the toughness of the alumina matrix, thereby providing
greater durability under operational stresses commonly encountered in PEM electrolyzers.
Specifically, the addition of zirconia not only increases fracture toughness but also improves
the mechanical stability of the membranes over various environmental conditions [114].

Figure 9. Example of hybrid membrane with sulfonic and phosphoric groups [115].
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One of the primary concerns regarding hybrid membranes is their durability and stabil-
ity under conditions typically encountered in practical applications. Both sulfonic acid and
phosphoric acid groups can lead to membrane degradation over time. The presence of sul-
fonic acid can promote swelling due to excessive water absorption, which may compromise
the structural integrity of the membrane and lead to physical deformities or ruptures [66].
Swelling is particularly problematic at elevated temperatures, where differential expansion
can cause mechanical failure [116]. The generation of gas crossover (specifically hydrogen)
through membranes also contributes to reduced durability, as it can chemically destabilize
the membrane matrix, producing unwanted mixed potentials [53,117]. Another challenge
is achieving adequate proton conductivity, especially at low relative humidity conditions,
which are critical in many operational environments. Hybrid membranes may exhibit
insufficient conductivity under such conditions compared to their pristine counterparts,
impacting their applicability in real-world scenarios [118]. Additionally, maintaining the
necessary hydration levels becomes increasingly challenging in operational environments
that fluctuate in humidity, affecting performance consistency [119]. The production of
Zirfon membranes involves both inorganic and organic components, influencing the CO2

emissions associated with their synthesis. Zirfon includes a ceramic component made
from zirconia and a polymer component that enhances ion conductivity and reduces
gas crossover during electrolysis. Proper Zirfon CO2 emissions have not been found,
however current estimates indicate that Zirfon may have CO2 emissions approximately
1.8 to 2.2 kg CO2/m2, reflecting energy inputs required for both ceramic processing and
polymer production [114].

3.2. Sustainable Materials

Sustainable materials for PEMs have gained significant attention due to their vital role
in various electrochemical applications, particularly in fuel cells. Traditional PEMs, such as
Nafion, while effective, present challenges including their high cost, non-biodegradability,
and environmental concerns associated with their long-term use [120,121]. Therefore, the
exploration of eco-friendly alternatives is paramount. In this review, four most commonly
used sustainable polymers for PEMs were selected and order form the most common,
which is chitosan to the newest addition which is lignin. There are also more polymers
that are being explored like, for example, pectin, but there was not enough information
available for their usage as PEMs, so they were not included.

3.2.1. Chitosan

Chitosan membranes are gaining attention as promising materials in PEM electrolyzers
due to their biocompatibility, sustainability, favorable mechanical properties, and the poten-
tial for enhanced ion conductivity when properly modified. These attributes make chitosan
an appealing candidate for developing advanced membranes aimed at improving the effi-
ciency of hydrogen production through electrolysis. Chitosan is a biopolymer derived from
chitin (Figure 10), presenting a more sustainable alternative to traditional membrane mate-
rials and promoting the development of environmentally friendly energy solutions [122].
The integration of chitosan into membrane technology can significantly enhance proton
conductivity, which is paramount for the operation of PEM electrolyzers. Atmaja et al. [123]
discuss how the incorporation of functional additives, such as phosphotungstic acid, can
boost proton conductivity in chitosan-based membranes, highlighting the importance of
structural properties in membrane performance [123]. The ongoing research and refine-
ment in fabrication techniques have allowed scientists to engineer chitosan membranes
to have specific morphologies that can sustain higher operational efficiencies while also
addressing the demands for lower production costs, which are common in conventional
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PEM technologies [36]. Chitosan membranes have also been explored for their ability to
manage humidity levels effectively, a critical parameter in PEM operation. As highlighted
by Kheirrouz et al. [124], maintaining optimal humidity is essential for maximizing proton
conductivity and overall performance of PEM electrolyzers under varying operational
conditions, as it enhances ion transport and reduces Ohmic losses [124].

 
Figure 10. Chemical structure of chitosan.

One major issue is the low proton conductivity of chitosan membranes. The ionic con-
ductivity of chitosan membranes is often insufficient for the demands of high-performance
electrolysis applications, as they typically do not reach the conductivity levels necessary to
facilitate efficient electrochemical reactions [125]. The performance of PEM electrolyzers is
heavily dependent on the ionic transport capability of the membrane, and inadequate con-
ductivity can severely limit the overall efficiency of hydrogen production [126]. Moreover,
chitosan membranes, similarly to the other sustainable membranes, face challenges regard-
ing mechanical stability and durability. Under prolonged exposure to the high humidity
and temperature conditions common in PEM electrolyzers, chitosan membranes can expe-
rience physical degradation and swelling. These variations in shape and size can lead to
compromised integrity and performance of the membrane over time, resulting in increased
maintenance requirements. Unlike more traditional PEM materials, which are specifically
designed to endure such stresses, chitosan may not provide the structural reliability needed
for long-term use in electrolysis systems. Chemical stability is another significant concern.
The acidic environment typically found in PEM electrolyzers can severely degrade chitosan
membranes, leading to their deterioration and performance loss [125]. Additionally, while
chitosan membranes possess inherent advantages, such as being derived from renewable
sources and displaying favorable ion selectivity, these benefits are often counteracted by
their limitations in terms of transport properties and resistance to harsh electrolytic con-
ditions. Without significant modifications, the membrane ability to function effectively
in a PEM electrolyzer setting remains constrained [127]. Chitosan is derived from chitin,
which is primarily extracted from shrimp exoskeletons and other crustacean shells. The
production of chitosan involves several steps: the collection of raw materials, demineraliza-
tion, deacetylation, and drying. The LCA (Life-cycle assessments) for chitosan production
indicates that the carbon emissions associated with the extraction and processing could
result in approximately 0.64 kg CO2/m2 of chitosan membrane produced, depending on
processing efficiency and energy inputs [128].

3.2.2. Cellulose

Cellulose (Figure 11) membranes are emerging as a promising alternative for PEMWE.
One of the significant benefits of cellulose membranes in PEM electrolyzers is their inher-
ent biocompatibility and renewability. Given the increasing emphasis on environmental
sustainability in energy technologies, cellulose-derived membranes contribute to the devel-
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opment of greener electrolysis systems that can potentially replace traditional materials
such as Nafion [129]. Furthermore, cellulose membranes can be engineered to achieve the
necessary proton conductivity for efficient operation in acidic conditions, which is crucial
in PEM electrolyzers that utilize high power densities for hydrogen production [130]. In
addition to their electrochemical performance, cellulose membranes offer advantages in
terms of lower production [131]. Incorporating cellulose into the design of PEMWEs could
potentially reduce the overall costs associated with hydrogen production, making this
technology more accessible and scalable for various applications, including large-scale
hydrogen production from renewable sources [132]. Notably, the hydrophilic nature of
cellulose can help maintain adequate moisture levels within the electrolyzer, which is
essential for effective proton conduction [9].

 
Figure 11. Chemical structure of cellulose.

Nanocellulose can be integrated into polymer matrices to create composite membranes
that exhibit superior proton conductivity compared to traditional polymer membranes.
The incorporation of cellulose nanofibers into membranes such as Nafion has been shown
to improve the dimensional stability of the membranes, thereby enhancing their water dis-
tribution and overall performance in electrolysis applications [8]. This modification allows
for better hydration, which is critical for maintaining high ionic conductivity. Furthermore,
the reinforcing action of nanocellulose aids in achieving a more uniform membrane struc-
ture, which is crucial for reducing gas crossover and enhancing ion transport efficiency.
The reinforcing action of cellulose nanofibers, stating that long nanofibers can reach the
percolation threshold at low loading levels, forming a robust network within the mem-
brane and leading to improved mechanical and electrochemical properties. This feature is
particularly valuable in PEM electrolyzers where membrane durability is critical due to
harsh operating conditions [133].

A significant drawback of cellulose membranes in PEM applications is their low proton
conductivity which was measured at values of 20–30 mS/cm [134]. While cellulose has
been shown to facilitate proton transport, it typically does not achieve the same levels of
conductivity as, e.g., Nafion [7]. This lower conductivity can lead to inefficiencies in elec-
trochemical reactions occurring within the electrolyzer, hampering hydrogen production
rates. Moreover, enhancements in cellulose membranes often require the integration of
additives or complex chemical modifications to achieve more balanced conductivity, which
may not always be feasible or cost-effective [135]. Mechanical stability is another critical
disadvantage when using cellulose membranes in PEM electrolyzers. Cellulose-based mem-
branes tend to suffer from inadequate mechanical strength, particularly under prolonged
operational conditions involving temperature fluctuations and moisture variations. Such
mechanical constraints could lead to physical degradation or deformation during operation,
resulting in reduced membrane lifespan which is from 100 to 200 h [136] and efficiency. In
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contrast, materials like Nafion are specifically designed to withstand harsher conditions,
thus ensuring better reliability throughout the electrolyzer operational lifespan. Further-
more, cellulose membranes exhibit susceptibility to chemical degradation, particularly
when exposed to the acidic or oxidative environments prevalent in PEM electrolyzers [137].
The production of cellulose-based membranes involves extracting cellulose from agricul-
tural sources, processing it, and converting it into membrane form. Studies suggest that the
production of cellulose membranes can generate approximately 0.50 to 0.75 kg CO2/m2

due to the relatively low energy input compared to traditional petroleum-based polymers
like Nafion. The exact emissions depend on factors such as resource sourcing, processing
techniques, and the efficiency of the bioprocessing methods employed [73].

3.2.3. Sodium Alginate

Sodium alginate membranes are emerging as viable materials for PEMs in electrolyzers,
particularly due to their favorable biocompatibility, because it is a natural polysaccharide
(Figure 12) derived from brown seaweed. Sodium alginate exhibits mechanical properties
that are essential for the durability of electrochemical devices. Pure alginate is often brittle;
however, the introduction of plasticizers such as glycerol has been shown to improve the
flexibility and tensile strength of alginate membranes considerably. Investigations into the
mechanical performance of sodium alginate polymer electrolyte membranes indicate that
varying the concentration of glycerol can optimize the membrane elongation at break and
tensile stress, making it more suitable for operational demands in PEM electrolyzers [138].

Figure 12. Chemical structure of sodium alginate.

However, they present several distinct disadvantages that merit careful consideration.
One primary disadvantage is their relatively low ionic conductivity (10–15 mS/cm [139])
compared to conventional Nafion membranes (100 mS/cm), which is essential for the
efficient transport of ions during the electrolysis process [15]. Moreover, the mechanical
robustness of sodium alginate membranes is often questioned. The polymer hydrophilicity
may lead to increased swelling, especially in aqueous environments like those found in
PEM electrolyzers. This swelling can adversely affect the membrane dimensional stability,
leading to mechanical failure under operational stresses [140]. Thermal stability is another
critical concern. Sodium alginate membranes typically exhibit lower thermal resistance in a
range of 180–200 ◦C [141]. This limitation is crucial, as PEM electrolyzers operate efficiently
at elevated temperatures to enhance kinetics [142]. A membrane that cannot withstand
high temperatures might degrade, leading to increased maintenance needs and reduced
overall system efficiency. Sodium alginate is derived from brown algae, particularly species
such as Macrocystis pyrifera. The extraction process typically involves drying the algae,
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followed by chemical treatment to isolate the alginate. The environmental impact of this
process has been quantified in recent studies. The overall emissions from the extraction of
green alginate can average around 1.2 to 1.5 kg CO2/m2 when considering energy, water
use, and chemical inputs during the alginate extraction process [143].

3.2.4. Lignin

Lignin, a complex and abundant natural polymer derived from biomass, has emerged
as a promising material for use in PEM electrolyzers. This potential is attributed to a lignin
unique structure and properties, which facilitate electrochemical processes essential for
hydrogen production. One key advantage of utilizing lignin in PEMs is the ability to form
sulfonated lignin ionomers. The synthesis of sulfonated lignin ionomers was performed by
sulfomethylating kraft lignin, allowing for controlled ion exchange capacities, which are
crucial for proton conductivity [144]. Such modifications can enhance the ionic conductivity
of the membranes, making them suitable for applications in electrolyzers that require
efficient proton transport. The characterizations of these ionomers further demonstrate
their effectiveness in renewable energy applications, highlighting their role as potential
substitutes for conventional polymer membranes like Nafion [145]. However, challenges
remain regarding the electrochemical properties of lignin itself. Studies indicate that while
lignin can enhance certain aspects of electrolysis, its inherent characteristics may hinder the
catalytic performance at the anode, particularly regarding the electro-oxidation of lignin-
derived compounds [146]. Research continues to focus on optimizing lignin processing
and incorporation strategies, including employing nickel-based electrocatalysts that can
effectively facilitate lignin oxidation and improve hydrogen production efficiency [147].

A primary concern related to lignin membranes is their generally low proton conductiv-
ity which is 5–15 mS/cm [148]. Although lignin has functional groups that can participate in
ion exchange processes, its ionic conductivity tends to be inferior to that of established PEM
materials such as Nafion. This reduced conductivity adversely affects ion transport during
the electrolysis process, which is crucial for efficient hydrogen production [78]. Inefficient
ion transport correlates with poor electrochemical performance, leading to higher opera-
tional costs and lower overall efficiency in lignin-based PEM electrolyzers [149]. Mechanical
stability is another significant issue. Lignin membranes often exhibit inadequate mechanical
strength, which can be problematic in the harsh operating environments of electrolyzers.
Factors such as temperature fluctuations and water content can lead to swelling or degrada-
tion of the membrane structure, ultimately affecting its durability and functional lifespan.
Generally, PEMs are required to maintain their integrity under compression and in hydrated
environments, conditions that lignin membranes may not withstand effectively [150]. This
lack of robustness raises concerns about the reliability and longevity of lignin-based PEMs
in practical applications. Additionally, lignin membranes may face challenges associated
with large-scale manufacturing and consistency in material properties. Variability in lignin
sources and the methods of membrane fabrication can lead to inconsistencies in perfor-
mance characteristics, making it difficult to achieve uniform functionality necessary for
commercial applications [15]. Lignin membranes are recognized for their potential to serve
as efficient proton exchange membranes due to their biocompatibility and conductive prop-
erties. However, the operational performance of lignin membranes can vary widely based
on formulation and processing. While specific CO2 emissions related to the operational
phase of lignin membranes are less documented, we can estimate emissions from hydrogen
production to be around 0.5 to 1.0 kg CO2/m2 when operating under typical conditions,
particularly when powered by renewable energy sources [151].
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Table 2. Summary of values for each mentioned PEM.

Thermal
Stability

(◦C)

Water
Uptake
(wt %)

Power
Density

(mW·m−2)

Durability
(h)

Proton
Conductivity

(mS/cm)

Hydrogen
Permeability

(barrer)

Membrane
Thickness

(µm)

Emissions of CO2
(kg on

1 m2 membrane)

Nafion 112 200
[49]

28–30
[54]

850
[48]

2000
[55]

100–120
[48]

115
[152]

50
[50]

2.5
[84]

Nafion 115 180
[69]

22–24
[54]

800
[59]

1000
[153]

85–95
[59]

110
[152]

127
[154]

2.5
[84]

Nafion 117 180
[49]

30–32
[54]

900
[15]

2000
[61]

100–120
[15]

120
[152]

183
[63]

2.5
[84]

Nafion 212 180
[49]

40–45
[54]

860
[155]

1000
[48]

120–130
[155]

115
[152]

50
[154]

2.5
[84]

PEEK 300
[76]

15–20
[77]

400–500
[156]

500
[139]

60–70
[77]

60
[157]

50–100
[154]

1.5–2
[84]

PBI 400
[85]

10–15
[148]

600
[48]

1500
[55]

30–40
[77]

5
[157]

50–150
[154]

1–1.5
[95]

sPAES 260
[96]

15–20
[107]

500–700
[158]

2000
[55]

80–90
[107]

25
[158]

21–25
[107]

1.2–2
[84]

Hybrid
membrane

Zirfon

150–200
[114]

22
[114]

120–150
[59]

800–1000
[114]

50–80
[114]

200–300
[114]

175–300
[8]

1.8–2.2
[114]

Chitosan 200
[159]

40–55
[136]

100–200
[148]

100–300
[148]

15–25
[136]

7
[157]

112
[160]

0.64
[128]

Cellulose 200
[161]

30–35
[134]

200–300
[162]

100–200
[136]

20–30
[134]

8–10
[134]

46–62
[73]

0.5–0.75
[73]

Sodium
Alginate

180–200
[163]

35–45
[139]

150–250
[148]

50–100
[148]

10–15
[139]

6
[157]

25–110
[164]

1.2–1.5
[143]

Lignin 160–190
[165]

20–30
[148]

50–100
[148]

50–100
[148]

5–15
[148]

10–12
[148] x 0.5–1

[151]

Note(s): Thermal stability is meant temperature, at which the degradation of the polymer starts.

3.2.5. Summary

Currently, Nafion represents the standard PEM material due to its excellent proton
conductivity and high-power density (Table 2). While alternative membranes may exhibit
comparable or even superior performance in certain parameters, Table 2 clearly demon-
strates that in the critical aspects, such as proton conductivity and durability, they are
considerably weaker. Nevertheless, Nafion also suffers from several drawbacks, including
relatively low water uptake, limited thermal stability, and high hydrogen permeability,
which also implies increased oxygen crossover. These issues not only reduce efficiency but
may also result in hydrogen contamination, membrane degradation, or even safety risks.
This is precisely why the development of composite membranes has become an important
research direction.

The comparison also reveals that while Nafion provides excellent performance under
specific conditions, its operational temperature is a significant limitation compared to
other polymers like, for example, PBI. Although Nafion has thermal stability 180–200 ◦C, it
exhibits significant limitations at temperatures exceeding 80 ◦C, where it suffers from dehy-
dration, causing a decline in proton conductivity and functionality. Overall, while Nafion
remains a prominent choice in low-temperature applications, in the higher temperatures,
polymers like PBI, sPAES or cellulose seem to be better choice [166].

As evident from the data presented in Table 2, Nafion membranes exhibit the highest
carbon footprint, reaching approximately 2.5 kg CO2 per m2 of membrane. Among the
non-sustainable polymers, PBI shows the lowest carbon emissions, ranging between 1.0 and
1.5 kg CO2 m2, which is unexpectedly lower than that of the nominally sustainable sodium
alginate membranes (1.2–1.5 kg CO2 m2). The lowest emissions are observed for bio-based
materials such as chitosan, lignin, and cellulose, with reported values in the range of
0.5–1.0 kg CO2 m2. It should be noted that the reported carbon footprints are strongly
influenced by the specific production processes, including the synthesis route and the
energy mix used, particularly the proportion of renewable electricity.
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3.3. Composite Membranes

Composite membranes are based on one of the previously mentioned polymers and a
filler. Because polymer composites are being made from most of the mentioned polymers,
this section will focus primarily on the polymer fillers. Fillers play a significant role in
enhancing the properties of composite membranes used in PEM electrolyzers. These
fillers can improve mechanical strength, thermal stability, proton conductivity, and overall
performance of the membranes under operating conditions. The integration of various
fillers into polymer matrices results in nanocomposite membranes, where the fillers can
be categorized into inorganic, organic, and hybrid types, each contributing differently to
the membrane characteristics. The creation of polymer composites for PEM electrolyzers is
motivated by the need to improve their electrochemical performance, reduce costs, and
enhance durability. A central challenge in developing effective PEM electrolyzers involves
achieving high proton conductivity while maintaining mechanical integrity and thermal
stability under operational conditions. The integration of various materials into polymer
matrices has shown promising results in addressing these challenges. To address these
challenges, the most commonly used fillers are inorganic oxides (SiO2, TiO2, ZrO2), carbon
based nanomaterials, heteropolyacids (HPAs) and ionic liquids.

3.3.1. Inorganic Oxides

One of the hallmark characteristics of inorganic oxide fillers is their ability to reinforce
the mechanical stability of polymer matrices. For instance, Wong et al. [167] demonstrated
that the inclusion of inorganic fillers in a chitosan/sulfonated poly(vinyl alcohol) composite
membrane greatly improved the membrane hydrolytic stability and proton conductivity,
achieving about 75.9% of the conductivity of commercially available Nafion membranes at
elevated temperatures [167]. This indicates that optimizing the conditions for inorganic
filler integration could yield membranes with superior ionic transport properties essential
for electrolyzers.

Bimetallic oxide fillers, particularly ceria-zinc oxide composites, have shown promise
in enhancing the oxidative stability of composite membranes, which is crucial given the
harsh operational conditions of PEM electrolyzers. The mechanisms by which these fillers
operate include the enhancement of proton-conductive pathways and increased ionic con-
ductivity, which further address performance stagnation often observed in unmodified
polymer membranes [168]. Furthermore, metal oxides such as SiO2 and TiO2 and ZrO2 im-
prove the high-temperature operation of PEM water electrolyzers, outperforming standard
Nafion counterparts due to enhanced thermal stability and ionic conductivity [52].

Moreover, various studies highlight the influence of different inorganic fillers on PEM
functionality, allowing for the strategic selection of materials with desirable properties.
Incorporating functional additives like alumina and sulfated metal oxides can enhance
hydration and reduce gas crossover in PEM fuel cells, particularly under low humidity and
elevated temperature conditions [169]. Such additions have been shown to significantly im-
prove the overall performance and longevity of PEMs under severe operational conditions,
emphasizing the crucial role of fillers in optimizing PEM performance [23].

3.3.2. Carbon Based Nanomaterials

One of the primary benefits of incorporating carbon-based fillers into PEMs is their
ability to significantly enhance ionic conductivity. Studies have demonstrated that the intro-
duction of carbon nanotubes (CNTs) into a Nafion matrix leads to improved ionic pathways,
thereby increasing the overall conductivity of the membrane. This enhancement is critical,
as higher conductivity allows for more efficient proton transport during electrolysis, which
in turn elevates the power density and overall efficiency of the electrolyzer [170]. Moreover,
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the high surface area and aspect ratio of CNTs facilitate better adhesion and distribution
within the polymer matrix, which is essential for membrane performance [171]. In addition
to increasing conductivity, carbon-based fillers also bolster the mechanical properties of
PEMs. The reinforcement provided by carbon-based nanomaterials (CBNs) can increase the
tensile strength and flexibility of the composite membranes, which is crucial for the dura-
bility of PEM electrolyzers under varying operational conditions. For instance, composites
made from graphitized carbon nanofibers have shown enhanced mechanical integrity,
allowing the PEM to endure the physical stresses experienced during operation [172].

Graphene oxide, recognized for its unique properties, also stands out as a hybrid
inorganic filler that can improve both conductivity and mechanical integrity in polymer
matrices. Research suggests that graphene oxide enhances the electrochemical stability
and durability of Nafion membranes, which is vital for maintaining performance during
operational cycles [173]. This demonstrates how the synergistic effects of combining
different filler materials can be harnessed to maximize the functionality of PEMs.

Electrochemical stability is another critical domain where carbon-based nanomaterials
demonstrate significant advantages. The incorporation of CBNs can mitigate degradation
mechanisms that commonly affect conventional PEM materials under harsh operating
conditions. For example, studies suggest that electrodes composed of carbon nanofibers
decorated with metallic nanoparticles exhibit remarkable stability and activity for the
hydrogen evolution reaction (HER), a vital process in electrolysis [174,175]. The effective
integration of CBNs with electrocatalysts can thus enhance durability and increase the
efficiency of the overall electrolysis process. Furthermore, CBNs possess unique electro-
chemical properties that make them appealing candidates for catalyzing essential reactions
such as the oxygen evolution reaction and hydrogen evolution reaction. The functionaliza-
tion of CBNs can enhance their electrochemical activity, providing improved pathways for
catalyst supports in PEM water electrolysis. Studies have indicated that carbon-supported
precious metals, such as platinum, demonstrate increased catalytic activity and stability
compared to their standalone forms [176,177]. With ongoing research into non-precious
metal catalysts supported by carbon-based materials, there is potential for significant cost
reductions in PEM technology [178,179].

Lastly, the sustainability aspect of using carbon-based nanomaterials is noteworthy.
As CBNs can be derived from renewable sources or recycled materials, their integration
into PEMs aligns with the global movement towards sustainable and environmentally
friendly technologies. The potential for creating bio-based CBNs offers opportunities to
reduce the carbon footprint of electrolyzer systems, which is increasingly relevant in the
context of green hydrogen production technologies [180].

3.3.3. Heteropolyacids (HPAs)

HPAs (Figure 13) have emerged as promising candidates for polymer fillers in PEM
electrolyzers due to their unique properties and functionalities. These compounds exhibit
high acidity and ionic conductivity, making them particularly attractive for enhancing the
performance of PEMs used in fuel cells and electrolyzers. One of the primary advantages
of incorporating HPAs into polymer matrices lies in their inherent high proton conductivity.
HPAs can significantly improve the ionic conductivity of the polymer electrolyte mem-
branes, particularly in dehydrated environments in which conventional PEMs, like Nafion,
struggle with ion transport [181]. A study focused on the application of a nano-composite
filler made from HPA and imidazole-modified mesoporous silica demonstrated notable
stability and sustained conductivity in high temperatures and low humidity conditions,
which are critical for the efficiency of PEM. This characteristic addresses a major limitation
of conventional PEMs, which typically require humidification for optimal performance.
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HPAs also enhance the mechanical properties of PEMs. By modifying polymeric ma-
trices with HPAs, researchers have observed improvements in the tensile strength and
flexibility of the membranes, thereby increasing their durability under varied operational
conditions [182,183]. This enhancement is crucial in applications where fluctuations in
temperature and humidity can lead to mechanical stress and degradation over time.

Figure 13. Structure of HPA. Reproduce with permission [183]. Copyright 2003 Springer Nature.

Another vital aspect is the compatibility of HPAs with various polymer matrices.
HPAs can be effectively incorporated into different types of polymers, such as sPEEK and
PBI, leading to composite membranes that display improved properties. These composites
not only retain the excellent proton conductivity offered by HPAs but also leverage the
mechanical stability of the polymer backbone. Optimized HPA-doped membranes can
operate efficiently even at elevated temperatures, broadening the applicability of PEM
technologies in high-temperature fuel cell systems [184]. Furthermore, HPAs can serve dual
functions by acting both as proton conductors and as catalytic sites within the membrane.
This dual functionality has been highlighted in research demonstrating that HPAs can
enhance reaction kinetics for the oxygen evolution and hydrogen evolution reactions,
which are critical processes in electrolyzer performance [185]. Membranes that combine the
proton conducting and catalytic properties of HPAs could lead to significant performance
improvements and lower energy barriers in PEM electrolyzers. Despite these benefits,
the solubility of HPAs in aqueous environments poses a challenge. High solubility may
lead to leaching of the filler during operation, potentially diminishing the membranes
performance and lifetime. Research efforts have been directed at stabilizing HPAs within
the polymer matrix through various methods to mitigate this issue and enhance long-
term stability [181,182].

3.3.4. Ionic Liquids

Ionic liquids (ILs) have gained significant attention as polymer fillers in PEM elec-
trolyzers due to their unique properties, which can greatly enhance the performance of
polymer electrolytes. Their non-volatile nature, high ionic conductivity, and thermal sta-
bility, combined with the advantageous characteristics of polymers, create opportunities
for the development of high-performance electrolyte membranes. One of the most notable
features of ionic liquids is their ability to maintain high ionic conductivity under various
conditions. Due to their molecular design comprising organic cations and anions ionic
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liquids can exhibit superior ionic transport properties compared to traditional liquid or
polymer electrolytes. Research has shown that the incorporation of ILs into polymer ma-
trices significantly improves the overall ionic conductivity of the membrane, enhancing
proton conduction and reducing energy losses during operation [186]. Moreover, ionic
liquid electrochemical stability makes them suitable for use in PEM electrolyzers that
operate at elevated temperatures. Protic ionic liquids have shown promise as nonaqueous
proton-conducting electrolytes in high-temperature fuel cells, providing conductive and
stable environments that traditional aqueous electrolytes cannot [187].

IL modified membranes for proton exchange membrane PEMWE are evolving as a
promising solution to enhance the performance and operational range of these systems.
Research indicates that incorporating ionic liquids into membranes can improve ionic con-
ductivity while maintaining mechanical stability, which is crucial for optimal electrolyzer
efficiency [188]. For instance, the introduction of methanesulfonic acid-based protic ionic
liquids into polymer composite membranes creates high-temperature operation capabilities,
thereby broadening the potential applications of PEMWE in various environments [189].

One significant study highlighted the use of triethylammonium triflate (TEA-TF) ionic
liquid in Nafion membranes. The incorporation of TEA-TF was found to improve ionic
conductivity and water uptake without adversely affecting the permeability of gases such
as oxygen and hydrogen. As the content of TEA-TF increased, both the electrochemical
and transport properties of the Nafion-TEA-TF membranes were enhanced, making them
more suitable for effective incorporation into PEM electrolyzers [190]. Another approach
discussed the use of ionic liquids in PBI membranes. Research indicated that the addition of
certain ionic liquids could facilitate the formation of continuous proton transport channels.
This enhancement in proton conduction is particularly beneficial in high-temperature
applications, bolstering the performance of PEMs under challenging conditions. Similarly,
studies on methanesulfonic-acid-based protic ionic liquids have shown that these ILs
effectively elevate ionic conductivity, further improving the electrochemical capabilities
of PBI-based PEMs [189]. In further studies, it was reported that IL incorporation into
multilayered polyelectrolytes had minimal effects on swelling behaviors, maintaining the
mechanical stability of the membranes while enhancing ionic conductivity, providing a
robust structure for hydrogen production. The ability of ILs to improve ion transport
properties while retaining the mechanical integrity of the membrane is crucial for the
operational longevity and efficiency of PEM electrolyzers [191].

3.3.5. Recycling of PEMs

Along with research into new ways to increase the efficiency of electrolyzers and
fuel cells, there are also studies focused on recycling membrane electrode systems, which
currently operate mainly on the basis of platinum and iridium catalysts and Nafion. The
reason for the introduction of recycling processes is the current social trend associated with
the circular economy, as well as the fact that their limited lifespan and high costs prevent
the large-scale commercialization of these technologies. Many studies have already been
devoted to the development of processes for recycling precious metals from electrodes,
but little research has been devoted to recycling perfluorinated membranes. However, this
process could lead to a reduction in production costs and environmental impacts.

However, the research also highlights that the primary degradation mechanisms
affecting polysulfur ionomers include oxidative stress and hydrolysis, especially under
harsh operating conditions. Such degradation reduces the lifespan and efficiency of PEM
systems and complicates recycling efforts. Since ionomers are crucial for the performance
of PEMWEs, efforts are focused on developing recycling processes that would alleviate
these problems. For example, advances in end-of-life regeneration processes are focused
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on extracting valuable components, including ionomers, from used membrane electrode
assemblies [188]. This is essential for reducing the environmental impacts associated
with disposal and material waste, highlighting the potential for a circular economy in
PEM technology. Ionomers are essential for PEM technology, and their recyclability poses
challenges that require innovative solutions [192,193].

4. Methods of PEM Preparation
The preparation of PEMs for water electrolysis involves various methodologies aimed

at enhancing their performance attributes such as conductivity, mechanical stability, and
overall efficiency. These techniques are crucial, as the membranes serve as the electrolyte,
facilitating proton conduction while preventing gas crossover during the electrolytic pro-
cess. Method are ordered based on their historical usage, starting from the oldest one-
casting and ending with the most recent method, which is 3D printing.

4.1. Casting

The casting procedure involves several intricate steps, often coupled with the optimiza-
tion of material properties to achieve high performance in electrolysis. The primary method
of casting PEMs typically involves the solution-casting technique. In this process, polymer
solutions are prepared and subsequently cast into thin films on a flat substrate (Figure 14).
To successfully implement the casting method for the preparation of polymer membranes,
several critical components and considerations must be addressed including the selection
of materials, preparation of the casting solution, mold design, environmental conditions,
and post-casting processes [194]. The polymer concentration in the casting solution signifi-
cantly affects the membrane structure and properties; variations can lead to differences in
porosity, mechanical strength, and permeability. High polymer concentrations may reduce
the number of macro-voids but can lead to denser membranes, while lower concentrations
can result in more porous structures with larger voids [195]. The preparation of the casting
solution itself requires careful consideration of the solvent and any additives. The solvent
must adequately dissolve the chosen polymer to create a uniform solution. Additionally,
additives such as plasticizers or surfactants may be incorporated to enhance properties
like membrane flexibility or promote porosity [196]. The viscosity of the solution is also
a critical factor; a higher viscosity can affect the membrane formation process and the
resulting morphological characteristics [197].

Figure 14. Casting method.

The choice of solvent and evaporative conditions is paramount, as they significantly
influence the polymer crystallization and structural properties, ultimately affecting ionic
conductivity and mechanical performance. One of the significant challenges in casting
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PEMs lies in ensuring the desired hydration level within the membrane. Research indicates
that maintaining an optimal humidity during the casting process can significantly enhance
the membrane ionic conductivity and mechanical strength [198]. The integration of various
additives can help to enhance the electrochemical properties. These additives may include
nanoscale materials that can augment proton transport pathways and minimize resistive
losses in the membrane, thereby enhancing the overall efficiency of the electrolyzer [199].

One significant drawback of the casting method is the potential for non-uniform thick-
ness in the membranes. This phenomenon, often referred to as the “coffee-ring effect,”
occurs when the solution evaporates unevenly, leading to inconsistent polymer distri-
bution across the membrane surface [200]. Such inconsistency can result in varied ionic
conductivity and performance, which is particularly critical in applications like PEM elec-
trolyzers, where uniformity in the physical and chemical properties is essential for efficient
operation [201]. Another issue is the inherent limitations concerning the scalability and
commercial applicability of the casting method. The casting process may not be easily
adaptable to large-scale production, which is necessary for commercial PEM applications.
Current membrane manufacturing processes often require high throughput and uniformity,
and conventional casting methods might struggle to meet these demands consistently [200].
Moreover, the casting method is sensitive to environmental conditions. This includes varia-
tions in humidity and temperature, which can affect the drying rate and final morphology
of the cast membrane. Such sensitivities also mean that any fluctuations can lead to defects,
including cracks or voids, which would negatively impact the mechanical integrity and
proton transport capabilities of the membrane [201].

4.2. Cross-Linking

Cross-linked membranes have garnered significant attention for their application in
PEMs used in electrolyzers. Cross-linking enhances the mechanical integrity, dimensional
stability, and thermal resistance of membranes while simultaneously allowing for tailored
ionic conductivity essential for efficient electrochemical processes, such as water electrol-
ysis. Cross-linking involves joining polymer chains via covalent bonds, creating a three-
dimensional network that enhances the structural strength of the membranes (Figure 15).
As described by Pasquini et al. [202], this structural change reduces dimensional swelling
and improves hydrolytic stability, though it can lead to a decreased ion exchange capacity
and reduced proton conductivity due to the consumption of sulfonic acid groups in the
membrane [202]. Nonetheless, maintaining a balance between mechanical stability and
conductivity is crucial for the efficient operation of PEM electrolyzers. Various materials
have been employed to create cross-linked membranes, each offering unique advantages.
For instance, the combination of polyvinyl alcohol (PVA) with chitosan leads to a highly
effective cross-linked membrane. The work by Panawong et al. [203] highlights the reaction
mechanisms involved, such as esterification with sulfosuccinic acid and subsequent ionic
cross-linking, which imparts desired properties to the membrane while maintaining mechan-
ical strength [203]. Additionally, hydrophilic cross-linking using aliphatic hydrocarbons has
been explored. Julius et al. reported that while cross-linked PEMs improve dimensional
stability and swelling resistance due to a more compact structure, they can also increase
resistance to proton conduction. Hydrophilic cross-linking agents can mitigate the decrease
in proton conductivity caused by increased hydrophobicity from covalent bonding, thereby
retaining conductive domains [204].
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Figure 15. Cross-linking of the polymer membranes [205].

One of the primary disadvantages of the cross-linking method is the compromise in
polymer chain mobility. While cross-linking generally enhances mechanical strength, it
simultaneously restricts the movement of polymer chains, which can hinder ionic conduc-
tivity. High cross-link density, which improves structural integrity, can lead to reduced
segmental motion of the polymer chains, ultimately diminishing the membrane ability to
conduct ions effectively [206]. This issue is particularly critical in applications like PEM
electrolyzers, where high ionic conductivity is vital for efficient hydrogen production. More-
over, the cross-linking process can limit the swelling capacity of the membranes. Although
limited swelling can be beneficial in preventing dimensional changes during operation, it
can also obstruct the necessary volumetric expansion of the membrane when in contact
with water or other electrolytes. Restricted swelling may lead to blockages in the pores, im-
peding gas transport and reducing overall electrochemical performance [57]. This trade-off
can be detrimental, especially in applications where gas permeability is crucial. The cross-
linking reaction often requires the use of excess cross-linking agents, which can remain as
impurities in the final membrane (Figure 15). These residual materials may adversely affect
membrane properties, including its electrochemical performance and compatibility with
the electrolyzer environment. Controlling an amount of cross-linking agents used is critical,
but managing this aspect poses additional challenges during membrane fabrication [207].

4.3. Electrospinning

Electrospun membranes are gaining prominence as novel alternatives for PEMs in
electrolyzers, primarily due to their unique structural properties that enhance performance
in water electrolysis applications. The electrospinning technique allows for the production
of nanofibers with high surface area, excellent porosity, and tunable morphologies, critical
for optimizing proton conductivity and mechanical stability (Figure 16). One of the primary
advantages of electrospun membranes is their structural integrity, which results from the
fibrous morphology generated through electrospinning. This architecture enhances proton
conduction pathways compared to traditional film-form PEMs. Wakiya et al. [118] demon-
strated continuous proton conductive pathways in nanofiber frameworks, indicating a
superior performance due to the intrinsic morphology provided by electrospinning [118].
Their findings suggest that such structures facilitate more efficient ion transport through
the membrane, crucial for high-performance applications in electrolyzers. Electrospun
membranes can also be engineered to incorporate various ion-conducting materials, leading
to composite structures that exhibit tailored properties. Odess et al. [208] emphasized the
potential of electrospun membranes to exhibit anisotropic through-plane conductivity by
utilizing buckling-induced mechanisms in nanofibers [208]. This innovation allows for me-
chanically robust membranes capable of withstanding operational stresses while enhancing
proton conductivity. The versatility of the electrospinning process also permits the blend-
ing of multiple polymer types to create hybrid membranes. Samsudin and Hacker [209]
reported on electrospun anion exchange membranes that showed a superior conductivity
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compared to membranes produced using conventional casting methods, underlining the
enhanced ionic transport capabilities facilitated by the nanofibers [209]. Such enhancements
are particularly important for optimizing the performance of PEMs under various electrol-
ysis conditions. Another significant consideration regarding electrospun membranes is the
influence of humidity and operating temperature on their performance metrics. Membranes
fabricated through electrospinning, such as those explored by Huang et al., demonstrated
stability and performance under varying operating conditions, including low humidity
environments, which are essential for practical applications in PEM electrolyzers [210].

 
Figure 16. Electrospinning setup [211].

One major disadvantage of electrospinning is the typically low mechanical strength of
the produced nanofibers. This lack of mechanical robustness can compromise membrane
durability under prolonged operational stresses typically encountered in fuel cells or elec-
trolyzers [212]. Another significant issue is related to the scaling up of the electrospinning
process. While electrospinning is excellent for producing small batches of high-quality
nanofibers, it faces challenges in reaching industrial-scale production levels. The process
is relatively slow, and factors such as the need for continuous pumping and the depen-
dence on specific environmental conditions conducive to fiber formation limit its efficiency
in fabricating large quantities of membrane material [213]. These challenges hinder the
economic viability of producing PEMs at the scale necessary for commercial applications.
Electrospinning also requires electrically conductive polymer solutions to facilitate the
electrostatic forces needed for fiber formation. This requirement means that non-conductive
polymers cannot be utilized directly, limiting the choice of materials available for the cre-
ation of PEMs. Additionally, some polymers that would be ideal for PEM applications
may require modification with conductive additives or pre-treatment, complicating the
fabrication process and potentially increasing costs [214].

4.4. 3D-Printing

3D printing technologies have recently been integrated into the fabrication and de-
velopment of PEM electrolyzers, presenting an innovative approach to enhancing the
design and performance of these systems (Figure 17). The implementation of 3D-printed
membranes in PEM electrolyzers allows for a significant reduction in production costs
and provides greater design flexibility. This technology enables the rapid prototyping of
complex geometries that can enhance mass transport and decrease resistive losses, which
are typically compounded in conventional designs [215]. Additionally, the use of clear
resins in 3D printing eliminates concerns regarding chemical reactions that may complicate
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traditional manufacturing methods, leading to designs that can optimize fluid flow and ion
conduction while maintaining structural integrity. For instance, optimizing the interface
between the membrane and porous transport layers can significantly mitigate Ohmic losses,
a factor crucial to improving the overall electrolyzer efficiency [15,216]. Moreover, recent
studies indicate that the high current densities achievable with PEM electrolyzers (up to
2 A/cm2) can be effectively harnessed using 3D printing technologies to create optimized
flow channels and catalyst layers that maximize the available reaction surface area [217]. By
reducing the thickness of the membrane while maintaining mechanical stability, 3D printing
can contribute to the operational efficiency and dynamic response of PEM electrolyzers,
making them suitable for fluctuating renewable energy supplies [149]. Researchers have
noted that the adaptability of PEM electrolyzers to hybrid applications, such as integration
with wind and solar energies, further accentuates their relevance in contemporary energy
strategies aimed at sustainability [218,219].

Figure 17. Three-dimensional printing principal [219].

One notable challenge is the mechanical strength and structural integrity of 3D-printed
PEMs. While 3D printing allows for complex geometries and designs, the resulting structures
may not possess adequate mechanical properties for practical applications in electrolysis [220].
Often, the layer-by-layer deposition process results in weaker interlayer adhesion compared
to traditional manufacturing methods, making the membranes susceptible to delamination
under operational stresses encountered in electrolysis environments. Even when special-
ized materials are used, ensuring homogeneity and optimal dispersion of ion-conducting
additives within the printed matrix can be challenging. This inconsistency can lead to
reduced ionic conductivity and electrochemical performance, which are pivotal charac-
teristics for PEMs used in electrolyzers [221]. The 3D printing process can also introduce
defects such as unintentional porosity and irregular surface finish, which can adversely
affect the electrochemical performance of the membranes. Inconsistent layer thickness
and surface textures can result from variations in printing parameters (e.g., nozzle di-
ameter, print speed, or temperature), leading to uneven ionic pathways and undesirable
flow characteristics [222].

4.5. Polymer Composites Preparation

A common approach for fabricating these composite membranes involves integrating
conductive nanomaterials, such as CNTs, into polymer matrices. For instance, it has been
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noted that CNTs, when incorporated into polymer blends, can improve proton conductivity
and mechanical durability of the resulting membranes [223]. The preparation process
typically encompasses methods such as electrospinning or solution blending, which allow
for uniform dispersion of CNTs within the polymer matrix [224]. The operational charac-
teristics of PEM electrolysers, such as their capacity to rapidly adapt to power fluctuations,
are contingent upon the quality of the composite membranes used. The incorporation of
additive manufacturing techniques, such as fused filament fabrication, allows for efficient
fabrication of these composite structures, providing precise control over geometries and
distributions of the material components [225].

5. Challenges and Limitations of Sustainable PEMs
The challenges associated with sustainable membranes used in PEM electrolyzers are

significant despite their promise for hydrogen production from renewable energy sources.
These challenges are multifaceted, including issues related to material degradation, high
costs, operational durability, gas crossover, and performance limitations under varying
operational conditions, which all hinder the widespread adoption of this technology.

5.1. Performance Challenges

The performance challenges associated with sustainable membranes used in PEM
electrolyzers are numerous and complex. These membranes are crucial components that
directly impact the efficiency and longevity of the electrolyzer system. Understanding and
addressing these challenges is vital for enhancing the overall viability and adoption of PEM
electrolyzers in hydrogen production.

Proton conductivity is one of the main issues of sustainable membranes. High proton
conductivity is essential for minimizing ohmic losses in the electrochemical process. How-
ever, low conductivity often arises due to poor hydration levels or varying temperatures
and pressures during operation. Maintaining the optimal hydration level is critical—too
high hydration can lead to membrane degradation, while insufficient hydration can dimin-
ish performance. This delicate balance underlines the need for engineering membranes
that can sustain high conductivity without suffering from accelerated wear [33].

Hydrogen permeability is another critical performance factor affecting PEM electrolyz-
ers. An ideal membrane should provide effective separation between hydrogen and oxygen
gases to prevent cross-contamination and ensure high purity of hydrogen production. If gas
crossover occurs, it can lead to significant losses in efficiency and safety concerns due to the
risk of flammability [226]. The inherent chemical and mechanical conditions found in the elec-
trolyzer can exacerbate this issue. Moreover, managing the integrity and mechanical strength
of membranes under operational stresses is crucial, as membranes are often subjected to fluc-
tuating pressures and thermal cycling, which can induce microstructural degradation [150].

Chemical stability is also a significant barrier to membrane performance. The acidic
environment within PEM electrolyzers, often essential for optimal catalytic activity, can lead
to membrane degradation over time. This degradation compromises not only the mechanical
properties of the membrane but also its proton conductivity and gas permeability [227].
Methods to enhance the chemical durability of membranes while maintaining or improving
their conductive properties are an active area of research. Noble metals such as platinum and
iridium, used in the electrochemical reactions, require stable conditions to remain effective,
which further complicates membrane and system design [132].

Further complicating the situation is the impact of cationic impurities on membrane
performance. These impurities can significantly affect the conductivity and overall effi-
ciency of the PEM electrolyzers, necessitating rigorous purification processes for feedwater
used during the electrolysis [226,228]. Operating under suboptimal conditions, such as
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inappropriate pH or total dissolved solids levels, can exacerbate these performance is-
sues, indicating that precise control of operational parameters is essential for maximizing
membrane efficacy [132].

5.2. Scalability and Processability

The processability and scalability issues surrounding sustainable membranes in PEM
electrolyzers are critical, as they directly affect the overall efficiency, performance, and com-
mercial viability of this technology. These issues encompass challenges related to membrane
fabrication, mechanical integrity, compatibility with components, and scale-up considerations.

A primary challenge in membrane processability arises from the fabrication methods.
The synthesis of high-quality PEMs often involves complex processes that require strict con-
trol over parameters, such as temperature, humidity, and ionomer concentration. Variations
in these parameters can lead to inconsistencies in membrane properties such as thickness,
porosity, and conductivity, which ultimately affect performance. Achieving uniformity in
membrane thickness is particularly vital, as non-uniform membranes can result in uneven
current distribution during electrolysis, diminishing efficiency and lifespan [30].

Mechanical integrity during handling and operation presents another significant issue.
PEMs are typically thin and sensitive to physical stresses, which can lead to tears, punc-
tures, or delamination over time [227]. This fragility necessitates careful handling during
installation and operation, complicating integration into larger systems. Furthermore, the
mechanical performance of membranes under fluctuating operational conditions—such as
variations in pressure, temperature, and humidity—can induce swelling or shrinkage, ulti-
mately affecting their durability and performance [33]. The reliability of sealing materials
and methods used alongside the membranes is crucial for maintaining structural integrity
during operation [229].

Compatibility with other components in the electrolysis stack introduces additional
processability challenges. The interaction between the membrane and the electrodes must
be managed to avoid detrimental reactions or performance degradation. The catalysts
applied to the membranes can influence their performance, as the presence of noble metals
required for effective catalysis can lead to corrosion of the membrane [227]. Moreover,
ensuring that porous transport layers and bipolar plates align well with the membranes is
paramount to prevent significant losses or physical stresses; discrepancies in their coeffi-
cients of thermal expansion can lead to early failure if not properly accounted for [216].

5.3. Operating Conditions

The operating conditions for sustainable membranes in PEM electrolyzers can signifi-
cantly impact their performance, durability, and long-term stability. A range of issues arise
due to these conditions, including acidity levels, pressure fluctuations, and fouling, which
can collectively impede the effectiveness of these membranes.

Acidic conditions are necessary for the optimal performance of PEM electrolyzers
since they facilitate proton transport and catalysis. However, the corrosive nature of
acids, particularly concentrated sulfuric acid, poses a significant challenge; it can cause
chemical degradation of the membrane materials over time, reducing their lifespan and
effectiveness. Maintaining membrane integrity under such harsh conditions necessitates
the use of robust materials that can withstand these corrosive environments while ensuring
efficient proton transport [230].

Operating under high pressure is a common requirement for PEM electrolyzers to
enhance gas solubility and improve hydrogen production efficiency. However, elevated
pressure can result in gas crossover, where hydrogen and oxygen gases pass through
the membrane undesirably. This crossover can compromise the purity of the generated
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hydrogen and reduce overall system efficiency. Maintaining optimal pressure conditions
is thus vital to preventing such issues, which may include mechanical stresses on the
membrane that can lead to physical failures [231].

Fouling is a critical operational challenge for sustainable membranes in PEM elec-
trolyzers. Organic matter, particulate matter, and biofilm formation can significantly reduce
membrane performance by blocking active sites and inhibiting proton conduction [232]. Reg-
ular cleaning and maintenance are required to alleviate these fouling issues, which increases
operational downtime and associated costs. Developing anti-fouling strategies is essential
to enhance membrane performance while minimizing maintenance requirements [228,233].

The performance of sustainable PEMs is also highly dependent on maintaining appro-
priate hydration levels. Insufficient hydration can lead to increased membrane resistance
and reduced proton conductivity, while excessive hydration can lead to swelling and me-
chanical degradation. Achieving a balance between hydration levels is crucial, as it directly
impacts the efficiency and stability of the entire electrolyzer system [234].

5.4. Commercialization

One of the most important issues of sustainable PEMs is its commercialization. The
commercialization of sustainable membranes for PEM electrolyzers faces several signifi-
cant challenges. These issues center around operational stability, durability, and supply
chain constraints, which collectively impact the feasibility of scaling these technologies for
widespread industrial use.

Sustainable membranes often struggle with durability and stability over extended
operational periods, particularly under dynamic conditions typical for renewable energy
applications. Membrane degradation due to chemical, thermal, and mechanical stresses
can lead to decreased performance and increased maintenance requirements. The mem-
branes must operate efficiently in acidic environments and withstand harsh conditions
encountered during hydrogen production. Ensuring long-term stability while maintaining
high proton conductivity and gas separation efficiency remains a significant challenge for
researchers and manufacturers [9].

While PEM electrolyzers provide several advantages, such as high current density
and compact design, they must compete against other electrolyzer technologies, notably
alkaline electrolyzers, which have been commercially established for longer and generally
operate at lower costs. The maturity and lower initial capital investment of alkaline
electrolyzer technologies can make it challenging for PEM systems to penetrate the market
effectively [30]. The specific cost of bio-based membranes alone is difficult to quantify but is
anticipated to be more favorable than that of current PEMs. For example, while Nafion-type
membranes can cost over $200 per square meter, emerging bio-based alternatives could
potentially lower costs to about $50 to $100 per square meter if manufactured at scale [235].

The commercialization of PEM electrolyzers will also be influenced by industry reg-
ulations and government policies promoting hydrogen technology and renewable energy
initiatives. Clear incentives, subsidies, and regulations supporting clean hydrogen production
are essential for fostering a conducive market environment for PEM technologies. Without
strong policy support, achieving significant market penetration may remain a challenge [13].

6. Conclusions and Future Perspectives
The overarching goals associated with advancements in PEMWE technology include

achieving significant cost reductions, improving overall system efficiency, and establishing a
reliable infrastructure for hydrogen production conducive to widespread adoption. Critical
targets include reducing the cost of hydrogen to levels below €1.80/kg by 2030, which
requires substantial advancements in both technology and scale. Nowadays, the cost
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of hydrogen is around €5/kg, but the production of hydrogen is still improving. The
percentage of hydrogen made with PEM electrolyzers is also rising—now, it takes over 4%
of global hydrogen production, where the rest of the hydrogen production comes from
nonrenewable resources such as natural gas, oil and coal.

The economic viability of sustainable PEMs is significantly enhanced by their potential
for reduced production costs. For instance, cellulose-derived membranes have been shown
to lead to lower costs owing to their abundant availability and the eco-friendly synthesis
processes employed in their fabrication. As production methods become more scalable and
the performance of these membranes is validated through rigorous testing, the transition
from research to commercialization appears feasible. The cost of Nafion membrane is now
at $200 per square meter but the cost of sustainable membranes could be at $50–100 per
square meter. Furthermore, innovations in membrane engineering, such as the development
of composite and hybrid membranes, are actively pursued to lower the prices even more.

Sustainable PEMs for electrolyzers present both promising advantages and notable
challenges in the context of hydrogen production and energy conversion. These membranes
are essential components in PEMWEs, which convert renewable electricity into hydrogen
gas, contributing significantly to sustainable energy solutions. Among the various sustain-
able candidates, cellulose demonstrates the highest potential as a replacement for Nafion.
This advantage arises primarily from its availability, favorable thermal stability 200 ◦C, and
inherently low gas permeability 8–10 barrer, making it a particularly promising and sustain-
able alternative. Sodium alginate follows closely, offering comparable benefits, though with
more limited proton conductivity 10–15 mS/cm for a little higher price. In contrast, chitosan
and lignin currently present less favorable prospects due to their low proton conductivity
(15–25 mS/cm for chitosan and only 5–15 mS/cm for lignin) and also low power density,
which is only 50–100 mW/cm2 for lignin. Overall, these findings highlight cellulose as the
most viable pathway toward the development of efficient, environmentally benign proton
exchange membranes. Even though sustainable PEMs show great promise in enhancing
the viability of hydrogen production technologies through improved performance metrics
and reduced environmental impacts, significant barriers including cost, material stability,
and scalability must be overcome.

Among the investigated materials, Nafion-based membranes exhibited the highest
performance, with Nafion 117 achieving power densities up to 900 mW·cm−2. Their ex-
ceptional proton conductivity, reaching 120–130 mS·cm−1 for Nafion 212, and long-term
stability of up to 2000 h confirm their status as benchmark materials for proton exchange
applications. However, these advantages are increasingly overshadowed by serious en-
vironmental and economic concerns. The fluorinated nature of Nafion leads to high
production costs and considerable carbon dioxide emissions—around 2.5 kg CO2 per m2 of
membrane—raising questions about the sustainability of its large-scale use.

Sustainable, fluorine-free membranes have emerged as promising alternatives, offering
up to fivefold lower CO2 emissions during production and significantly reduced hydro-
gen permeability (8–10 Barrer compared to over 100 Barrer for Nafion). Although their
operational durability remains limited to approximately 50–300 h, continuous progress in
material design, crosslinking strategies, and polymer chemistry is expected to narrow this
performance gap in the near future.

An important factor influencing both proton conductivity and mechanical durability
is the membrane thickness. Thinner membranes around 50 µm generally provide lower
ohmic resistance, enhancing proton transport and overall power density. However, this
reduction in thickness often leads to compromised mechanical integrity, increased gas
crossover, and accelerated chemical degradation, particularly under high differential pres-
sures typical of PEM electrolyzers. Conversely, thicker membranes up to 150 µm offer
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improved dimensional stability and extended operational lifetime but at the cost of in-
creased internal resistance and reduced energy efficiency. Therefore, the optimal balance
between thickness, mechanical strength, and conductivity remains a key challenge in the
design of next-generation membranes.

Looking ahead, research efforts should focus on optimizing the balance between
membrane performance and environmental footprint. Strategies such as bio-based polymer
synthesis, hybrid organic–inorganic structures, and advanced nanocomposite formulations
hold great potential for achieving both high conductivity and long-term durability while
minimizing ecological impact. As sustainability becomes an increasingly critical design
parameter, these next-generation membranes could ultimately provide a viable path toward
greener and more efficient proton exchange technologies.
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