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Abstract

Proton exchange membrane fuel cells (PEMFCs) are among the most promising clean
energy conversion technologies, offering high efficiency and zero emissions. However,
their large-scale commercialisation is limited by the high cost and environmental impact of
conventional perfluorosulfonic acid membranes such as Nafion. In recent years, increasing
attention has been directed toward biopolymer-based membranes as sustainable, low-cost,
and biodegradable alternatives. This review provides a comprehensive overview of re-
cent advances in the development and modification of biopolymer membranes, including
polysaccharide-based materials such as chitosan, cellulose, gellan gum, sodium alginate,
and starch, as well as protein-based materials such as keratin and collagen. Various modifi-
cation strategies, including sulfonation, phosphorylation, cross-linking, and incorporation
of inorganic or hybrid fillers, are analysed for their impact on key parameters, including
proton conductivity, methanol permeability, and power density. Comparative data indicate
that several modified biopolymer membranes achieve proton conductivities of 50 mS/cm
or higher. However, higher conductivity values are generally reported for membranes
primarily composed of synthetic polymers, where the biopolymer is incorporated only as
an additive. In addition, some biopolymer-based membranes exhibit significantly lower
methanol permeability than Nafion. The lowest reported value among the membranes
discussed in this article is 0.98 × 10−16, representing the best-performing biopolymer mem-
brane in terms of methanol permeability alone. Although many biopolymer membranes
demonstrate relatively poor performance in single PEMFC tests, several have achieved
power densities comparable to Nafion, while simultaneously offering improved environ-
mental compatibility and sustainability. Finally, current challenges and future directions
are discussed, emphasising the potential of these renewable materials to advance PEMFC
technology toward more sustainable and economically viable energy systems.

Keywords: PEM fuel cell; biopolymer; membrane; cellulose; chitosan; biodegradable;
sulfonation; crosslink; phosphorylation; proton conductivity

1. Introduction
Energy plays a key role in modern society, enabling economic growth, technological

progress, and the provision of basic services. However, the ever-increasing world popu-
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lation, estimated to be around 8.2 billion in 2025, and rising energy demand are placing
additional strain on existing energy systems. For more than a century, fossil fuels have been
the dominant energy source, but their limited availability and serious environmental conse-
quences, including global warming, sea level rise, and extreme weather events, pose major
challenges. Estimates indicate that fossil fuel reserves could be exhausted in 60±80 years
if current consumption levels continue [1]. In addition to its depletion, burning of fossil
fuels emits large amounts of CO2 and other greenhouse gases, further exacerbating climate
change [2]. Given these challenges, the scientific community and policymakers increasingly
recognise the need to transition from fossil fuel-based energy systems to renewable, clean,
and sustainable energy sources. In this context, alternative energy solutions, including
renewable sources such as solar, wind, hydropower, geothermal, and bioenergy, are being
increasingly researched [3]. Due to inherent limitations in the intermittent and fluctuating
nature of natural resources, their stability in energy supply has been limited. In contrast
to fossil fuels, which occur naturally and are readily available, hydrogen is not found in
significant quantities in its free form and therefore needs to be produced from other energy
sources. Hydrogen energy holds significant potential in clean energy transition and is an
effective pathway for achieving large-scale deep decarbonization. The electrolysis of water
for green hydrogen production is not only one of the ways to obtain hydrogen energy,
but also contributes to addressing the intermittency and variability of renewable energy
sources [4]. Furthermore, hydrogen can be utilised in technologies such as fuel cells to
generate electricity with water as the only by-product, highlighting its role as a clean and
environmentally sustainable energy carrier [5]. This energy transition not only addresses
the challenges of fossil fuel depletion but also helps mitigate negative environmental
impacts, ensuring a more sustainable energy future.

Fuel cells are electrochemical devices that convert chemical energy into electricity
through redox reactions. Unlike conventional batteries, fuel cells can operate continuously
as long as the fuel supply is maintained, which is why they are used in a wide range
of applications, from portable devices to stationary energy sources, and increasingly in
transport. Automobile companies such as Toyota, Honda, and Hyundai have already
launched electric vehicles powered by fuel cells on the market [6]. However, interest is
increasingly shifting from light vehicles to applications in heavy transport such as trucks,
buses, locomotives, and maritime traffic, where the high gravimetric energy density of hy-
drogen can be better utilised [7]. Fuel cells are classified according to operating temperature
(low-temperature, medium-temperature, and high-temperature) or the type of electrolyte,
with proton exchange membrane fuel cells (PEMFCs) being particularly prominent due to
their advantages, such as low operating temperature (<80 ◦C), fast response, low mass, and
high specific power density [8]. One of the primary challenges associated with PEMFCs is
the degradation and limited durability of the membrane±electrode assembly (MEA). As
reported by Meng et al. [9], fuel cells typically experience a gradual performance decline
during prolonged operation. This degradation results from multiple interacting mecha-
nisms, including catalyst dissolution and agglomeration, corrosion of electrode materials,
mechanical and chemical degradation of the MEA, and variations in operating conditions
such as temperature, humidity, and load cycling. Consequently, performance loss reduces
fuel cell efficiency and power output, while shortening operational lifetime and increasing
maintenance and replacement costs.

The core of an MEA and a PEMFC is the proton exchange membrane (PEM), which
accounts for 30% of the material cost of the entire fuel cell [6]. The membrane performs
three key functions within the fuel cell: (1) it enables the transport of protons from the anode
to the cathode, (2) it forces electrons to travel through the external circuit (i.e., it provides
high electrical resistance), and (3) it separates the reactants. The proper functioning of
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the membrane requires several material properties such as high proton conductivity, low
electronic conductivity, low fuel permeability, and chemical, thermal, and mechanical
stability [10].

Commercial membranes can meet most of the above requirements to serve as efficient
membranes for fuel cell systems [11]. However, their high cost limits the wider application
of PEMFCs. By comparison, PFSA resin dispersion produced in Dongyue, Shandong,
China, costs approximately USD 500 per litre. Preparing a 10 × 10 cm membrane with a
thickness of 25 µm requires about 10 mL of this dispersion, corresponding to a material cost
of roughly USD 5. Including additional experimental consumables, the total cost remains
below USD 10. In contrast, a commercially available Nafion membrane of the same size
and thickness costs around USD 30, which is significantly higher than that of membranes
fabricated from Dongyue PFSA dispersion [12]. In addition to high cost, the tightening
of environmental regulations in many countries (e.g., Japan and Germany) is directing
research and development towards the production of membranes from non-polluting
materials using sustainable techniques and processes [13]. This trend has stimulated con-
siderable interest in the search for biodegradable materials that are not based on petroleum
derivatives [14].

In recent years, significant attention has been devoted to developing new types
of membranes based on biopolymers, as biopolymers are inexpensive, readily avail-
able, and possess effective intrinsic properties [15]. In particular, cellulose (microcrys-
talline/nanocrystalline cellulose, cellulose nanofibres, bacterial cellulose, and their deriva-
tives) and chitosan are being investigated as potential materials for membranes in PEMFCs.
Figure 1 shows the continuous and rapid increase in the number of scientific publications
on ion exchange membrane fuel cells (IEMFCs) from 2001 to 2020. The blue columns
indicate the total number of publications per year, while the green columns, obtained from
additional searches using the keywords ‘cellulose’, ‘chitosan’, or ‘biopolymer’, show the
number of papers on biopolymeric membranes for ion exchange. It is clear that synthetic
polymer membranes remain the primary focus of research, while biopolymer membranes
are underrepresented in scientific studies. One of the reasons for this may be that biopoly-
mer membranes are still in the early stages of research, and, consequently, many researchers
are not yet familiar with this topic. In contrast, synthetic polymers are well-established in
the PEMFC community, so most studies focus on their properties and performance.

Figure 1. Number of scientific publications related to IEMs based on synthetic polymers compared to
IEMs based on biopolymers from 2001 to 2020 [16].
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Recent review articles on biopolymer membranes have predominantly focused on
a single class of materials, such as cellulose-based membranes [17] or chitosan-based
membranes [18]. Although a few studies have addressed both cellulose and chitosan-based
membranes within the same review [16,19], the internal classification of these materials is
often unclear, and the discussion typically emphasises one biopolymer while providing only
limited coverage of the other. To the best of our knowledge, no comprehensive review has
systematically examined biopolymer membranes from a broader perspective that includes
both polysaccharide-based and protein-based membranes within a unified framework.

In the present review, commonly investigated polysaccharide-based membranes, par-
ticularly cellulose and chitosan, are clearly categorised into distinct subsections to facilitate
better comparison and structural clarity. This organisation enables readers to more easily
identify the classification and characteristics of each reported membrane. Furthermore,
all membranes discussed in this article are evaluated from a mechanical engineering per-
spective, with particular emphasis on proton conductivity and the polarisation curves
of the tested membranes. The curve reflects several factors including activation, ohmic,
and concentration polarisation losses [20], and is a key parameter for assessing membrane
performance. However, it only describes the steady-state voltage properties, so durability
testing is also essential to properly evaluate membrane performance in PEMFCs. Most
membranes in the literature have not undergone long-term durability tests and those
that have were typically only measured for a few hours, which is insufficient to evaluate
long-term operational stability.

Finally, this review compares and analyses how different biopolymer compositions
and modification techniques influence different membrane properties, thereby determining
their suitability and potential for improving the overall efficiency and sustainability of
PEMFC technology.

2. Biopolymers
The high cost and environmental drawbacks of conventional synthetic polymer mem-

branes, such as toxic production processes and slow biodegradation, have increased inter-
est in biopolymer-based alternatives for PEMFCs. Biopolymers offer a more sustainable
and environmentally friendly solution due to their natural origin, rapid biodegradabil-
ity, and lower environmental impact. These materials are generally categorised into two
main groups based on their chemical composition and source. The first group consists
of polysaccharide-based biopolymers, including chitosan, cellulose, gellan gum, sodium
alginate, and starch, which are derived from plant or marine sources and known for
their excellent film-forming ability and chemical versatility. The second group comprises
protein-based biopolymers, such as keratin and collagen, which possess unique mechan-
ical properties and functional groups that can facilitate proton transport when properly
modified or blended with other materials. Moisture content critically governs proton con-
ductivity in PEMs by mediating dual transport mechanisms: (i) the vehicular mechanism
and (ii) the Grotthuss hopping mechanism as reported in [21].

The vehicular mechanism refers to proton transport via water molecules that act as
ªvehiclesº forming hydrated ions such as H3O+, H5O2

+, and H9O4
+, which diffuse along

concentration gradient [22].
The Grotthuss hopping mechanism involves the transfer of protons through a

hydrogen-bonded network without the physical movement of the molecule’s enabling
rapid proton transport [23].

A schematic of both mechanisms for most widely used PEM Nafion, without and
with fillers, is shown in Figure 2. In hybrid membranes, proton conductivity also depends
on the chemical properties and the interface between organic and inorganic phases [24].
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Furthermore, chemical modifications, such as sulfonation (±SO3H) and phosphorylation,
enhance proton transport by increasing hydrophilicity and facilitating both vehicular and
Grotthuss mechanisms.

Figure 2. Schematic representation of the vehicle mechanism and the Grotthuss hopping mechanism
in (a) polymer membranes and (b) polymer±nanoparticle composite membranes [25].

2.1. Chitosan

Chitosan (CS) is one of the most abundant polysaccharides in nature. It is obtained by
the deacetylation of chitin, which can be extracted from various sources, such as mould cell
walls, silkworms, and the shells of shrimps, crabs, cockroaches, lobsters, and wings [26].
CS has a high affinity for water due to the presence of three functional groups, as shown
in Figure 3: hydroxyl (±OH), primary amine (±NH2), and C-O-C groups. The presence of
hydrogen bonds in the (±OH and ±NH2) functional groups accounts for the rigid, highly
crystalline structure of chitosan. Additionally, the amine group makes chitosan more
reactive than cellulose. In addition to its high affinity for water, CS is biodegradable,
biocompatible, non-toxic, and inexpensive. These properties have encouraged the use
of CS as a cheap, environmentally friendly PEM since 2003, particularly CS with a high
molar mass (>150,000 g/mol) and a low degree of deacetylation (<70%). This enables
higher proton conductivity, on the order of 100 mS/cm, compared to chitosan with a low
molar mass (<150,000 g/mol) and a higher degree of deacetylation (>70%) [27]. However,
CS cannot be used directly as a PEM due to its low proton conductivity, resulting from
the absence of a mobile proton in its structure and physicochemical properties that are
unreliable for the durability of PEMFCs [28]. The use of synthesis and modification
techniques plays a key role in improving the properties of chitosan. Various methods
have been investigated to enhance the characteristics of chitosan, including chemical
modifications, blending with organic±inorganic hybrids, doping with inorganic fillers, and
producing nanocomposites.

Figure 3. Structure of chitin and chitosan [19].
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2.1.1. Chemical Modifications of Chitosan

The process of chemical modification involves incorporating functional groups into
the molecular structure of chitosan to improve its properties through sulfonation or phos-
phorylation, depending on which acid group is incorporated into the polymer backbone.
Chemical modification, particularly by cross-linking polymer chains, can increase the
proton conductivity and mechanical strength of chitosan [29].

• Sulfonation

The sulfonation of chitosan entails the incorporation of sulfonic acid groups (±SO3H)
into the polymer backbone, a modification that significantly improves both mechanical
robustness and proton conductivity. This chemical alteration is pivotal for tailoring the
biopolymer for fuel cell environments, where high ionic transport is required. The fun-
damental steps and structural changes in the sulfonation of chitosan are illustrated in the
schematic in Figure 4. Introducing these acidic functional groups, the hydrophilic nature of
the membrane is typically enhanced, facilitating a more efficient proton conduction path-
way through the polymer matrix. Sulfonation can be performed in two ways: by attaching
(±SO3H) groups to an amino group (±NH2) or to a hydroxyl group (±OH), resulting in
different functional derivatives. The correct level of sulfonation is crucial, as insufficient
sulfonation leads to low ionic conductivity and weaker ion exchange, while excessive sul-
fonation can reduce mechanical strength and cause excessive water absorption, negatively
impacting membrane stability and durability [30,31]. The optimal level of sulfonation
achieves a balance between ion exchange, proton conductivity, mechanical strength, water
absorption, and methanol permeability.

Figure 4. Sulfonation of chitin nanofibres.

Kalaiselvimary and Prabhu [32] developed nanocomposite membranes based on
sulfonated chitosan (s-CS), polyethylene oxide (PEO), and sulfonated graphene oxide
(s-GO) for use in fuel cells. Research has shown that the optimal filler content is 6 wt%
s-GO, at which ionic conductivity reaches approximately 100 mS/cm. A higher amount
of s-GO (>6 wt%) led to decreased conductivity due to ion channel blocking and filler
aggregation. Additionally, sulfonation and the optimal dispersion of s-GO significantly
improved thermal stability, interfacial compatibility, and ion exchange capacity.

Nasirinezhad et al. [33] also demonstrated the importance of sulfonation as an effec-
tive method for increasing the proton conductivity of biopolymer membranes for direct
methanol fuel cells (DMFCs). Sulfonated chitin nanofibres (sChW) were introduced as
functional fillers into the chitosan matrix, creating additional pathways for proton conduc-
tion through ±SO3H groups. The optimal amount of sChW was 5 wt%, at which the best
balance between high proton conductivity (12.1 mS/cm) and low methanol permeability
(4.5 × 10−7 cm2/s) was achieved. This combination resulted in a membrane selectivity
of 26,888 Ss/cm3, about 6.8 times higher than that of the pure chitosan membrane. Ex-
ceeding the optimal filler concentration (e.g., 7 wt%) led to nanofibre agglomeration and
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increased methanol permeability. The results show that functionalising the nanofillers
with sulfonation is essential for efficient proton conduction and for reducing unwanted
methanol permeability, making these membranes suitable for use in DMFC systems.

• Phosphorylation

Phosphorylation of chitosan involves incorporating phosphoric acid groups (±PO3H2)
into its structure, increasing the number of acidic functional groups that facilitate proton
binding and transfer. This significantly enhances proton conductivity, which is essential
for the efficient operation of membranes in fuel cells [34]. The phosphoric acid functional
group is widely regarded as a highly effective proton conductor, surpassing many other
acidic groups due to its efficient proton solvation, strong self-ionisation, and extensive
intermolecular hydrogen-bonding network [35]. Its lower proton dissociation energy
(37.2 kJ mol−1) compared with that of the sulfonic acid group (69.9 kJ mol−1) facilitates
easier proton migration through acid±acid interactions [36]. In addition, phosphoric acid
exhibits a higher affinity for water, with a binding energy of 47.3 kJ mol−1 compared
with 44.4 kJ mol−1 for sulfonic acid, contributing to enhanced water retention within the
membrane. Phosphoric acid functionality can be incorporated into membranes through
several approaches: (1) the impregnation of polymer matrices with liquid phosphoric acid,
(2) chemical attachment of phosphoric acid groups to polymer backbones, and (3) the
grafting of phosphoric acid groups onto inorganic nanofillers [37,38].

Ahmed et al. [39] phosphorylated graphene oxide (GO) using aminotris (methyleneph-
osphonic acid) (ATMP) to produce phosphorylated graphene oxide (PGO) with enhanced
properties for PEMFC applications. The phosphorylation was performed in a single step,
making the process simple and efficient. The optimal PGO content in the chitosan-based
composite membrane was 2 wt%, resulting in a proton conductivity of 36 mS/cm, which is
higher than that of the commercial Nafion 117 membrane (33 mS/cm). Additionally, PGO
improved the thermal and mechanical stability of the membrane through strong electrostatic
and hydrogen bonding between the functional groups of GO and chitosan. Ahmed et al. [40]
used the same phosphorylation procedure, but employed functional multi-walled carbon
nanotubes (N-MWCNTs) instead of graphene oxide as a filler in a phosphorylated chitosan
matrix (PCS). The optimal filler content was 5 wt% N-MWCNTs, resulting in the highest
proton conductivity of 45 mS/cm at 80 ◦C, as well as improved mechanical and thermal
properties of the membrane. This composite membrane showed significant oxidation
stability (degradation time of 148 min in Fenton’s reagent) and dimensional stability. In
practical tests within a hydrogen fuel cell, the PCS/N-MWCNT membrane with 5 wt%
filler achieved a maximum power density of 49.75 mW/cm2, nearly double that of PCS
without filler (27.31 mW/cm2), as can be seen in Figure 5. These two studies confirm the
importance of phosphorylation and the optimal amount of functional filler for the effective
application of biopolymer membranes in PEMFC systems.

Figure 5. Polarisation curves and power density curves of single fuel cells at 50 ◦C (reprinted with
permission from Ref. [40]. Copyright (2023) IOP Science).
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• Cross-linking

Cross-linking enhances the stability, mechanical strength, and functionality of chitosan
by forming a network structure [41]. This process involves adding cross-linking agents,
such as glutaraldehyde, epichlorohydrin, or sulphuric acid, which interact with the amino
groups of chitosan to form durable covalent bonds.

Handika et al. [42] investigated the synthesis of a composite membrane based on
chitosan and fly ash for fuel cell applications. The membrane was cross-linked with
sulphuric acid, which improved its structural stability and proton conductivity. The
optimal fly ash concentration was 10 wt%, at which the membrane achieved the highest
proton conductivity of 6.863 mS/cm. The addition of fly ash also reduced methanol
permeability, with the lowest value of 2.85 × 10−6 cm2/s observed for the membrane
containing 15 wt% filler.

Vijayakumar and Khastgir [43] investigated hybrid composite membranes based on
chitosan, sulfonated polyaniline (PAni), and silica (SiO2) for DMFC applications. The
membrane was cross-linked with sulphuric acid, which improved its mechanical strength
and oxidative stability. The optimal concentration of the PAni/SiO2 filler was 3 wt%, at
which the membrane achieved the highest proton conductivity of 8.39 mS/cm at 80 ◦C, due
to the formation of hydrophilic domains and additional pathways for proton conduction.
Single fuel cell tests showed that the membrane with 3 wt% filler had the highest power
density of 56.27 mW/cm2, significantly higher than that of the pure chitosan membrane
(41.15 mW/cm2). The addition of filler reduced methanol permeability, but an excessive
concentration (e.g., 7 wt%) led to particle aggregation and decreased conductivity.

2.1.2. Addition of Inorganic Fillers

Adding inorganic fillers to chitosan membranes for fuel cells is an effective way to
improve their physicochemical properties. Fillers, such as graphene oxide or nanotubes,
improve mechanical strength, thermal stability, proton conductivity, and chemical resis-
tance. They may be incorporated in situ within the matrix or mixed with the polymer
before casting the membrane. The functionalisation of fillers, for example, by sulfonation,
further increases conductivity by providing additional sites for proton transfer. However,
compatibility between chitosan and the filler remains a challenge, which can be evalu-
ated using the Flory±Huggins interaction parameter. Compatibility can be improved by
chemical modification of the filler or chitosan, ensuring better dispersion and interfacial
adhesion [44,45].

• Heteropoly acids

Heteropoly acids (HPAs), such as phosphotungstic acid (PTA), phosphomolybdic
acid (PMA), and silicotungstic acid (SiWA), are an important group of proton-conducting
materials. Because of their outstanding superionic conductivity, these acids have received
significant attention and have been extensively explored for PEM applications [46]. In
particular, PTA, which has a well-defined Keggin structure, is a promising candidate
for enhancing membrane efficiency. Despite these advantages, HPAs often suffer from
excessive water uptake and gradual leaching, both of which compromise long-term fuel
cell performance. To mitigate this, researchers have promoted electrostatic interactions
between the polymer matrix and HPA species to improve retention and stability. Building
on this approach to address the critical challenge of phosphoric acid leaching, recent studies
have successfully incorporated amino-functionalized porous aromatic frameworks (PAF-
20-NH2) into PBI membranes. The integration of these advanced fillers not only yields high
proton conductivity but also ensures superior high-temperature stability, representing a
vital breakthrough for the advancement of high-temperature PEMFCs [47].
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Tsen [48] investigated composite PEMs based on chitosan and PTA immobilised on
one-dimensional attapulgite (AT) for use in DMFCs. PTA, a strong heteropoly acid and an
excellent proton conductor, was used to improve the proton conductivity and mechanical
properties of the membranes. The composite membrane with 4 wt% PTA-AT showed a
proton conductivity of 35.3 mS/cm at 80 ◦C, which was 31.8% higher than that of the
pure chitosan membrane. In addition, the membrane reduced methanol permeability
and achieved a maximum power density of 70.26 mW/cm2 at 2 M methanol, significantly
higher than the 40.08 mW/cm2 of the pure chitosan membrane. The polarisation and power
density curves of the DMFC tests are presented in Figure 6. These results confirm that
PTA contributes to the formation of efficient proton transport channels, making composite
membranes promising candidates for DMFC applications.

Figure 6. Polarisation curves and power density curves of DMFC tests with (a) CS/WQAT-4 com-
posite membrane at different methanol concentrations, and (b) different PEMs at 70 ◦C with 2M
methanol [48].

Zaffora et al. [49] also fabricated composite membranes based on chitosan and PTA for
use in DMFCs. The membranes were prepared by ionotropic gelation, with PTA used as a
heteropoly acid to improve proton conductivity. The results showed that membranes with
higher PTA content exhibited improved proton conductivity, reaching 12 mS/cm at 70 ◦C.
The fuel cell using these membranes achieved a maximum power density of 60 mW/cm2

at a low methanol concentration (1 M) and low catalyst concentration (0.5 mgPt/cm2 at
the cathode and 3 mgPt/cm2 Pt-Ru at the anode). Additionally, the membranes demon-
strated low methanol permeability with a diffusivity of 3.6 × 10−6 cm2/s, comparable to
commercial Nafion membranes.

Di Franco et al. [50] developed composite membranes based on chitosan and SiWA
and investigated their performance in a fuel cell using hydrogen and oxygen at room tem-
perature. The results showed that the membrane functions effectively as a proton conductor
and that the duration of functionalisation significantly affects its performance. Specifically,
without functionalisation, the membrane showed no proton conduction, whereas 24 h func-
tionalisation resulted in a maximum power density of 268 mW/cm2 at 0.5 mgPt/cm2, or
370 mW/cm2 at 1 mgPt/cm2. Prolonged functionalisation also led to a decrease in internal
membrane resistance and increased proton conductivity (up to 4.88 mS/cm). Tafel and elec-
trochemical impedance spectroscopy (EIS) analyses indicated improved oxygen reduction
kinetics and a stable electrode±electrolyte interface. It was found that a longer cross-linking
and functionalisation period led to a better membrane arrangement, which further im-
proved its efficiency in PEMFC systems. This study highlights the importance of optimising
synthesis conditions to achieve the improved performance of chitosan membranes.
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• Hygroscopic oxides

The addition of hygroscopic oxides to the chitosan matrix significantly improves the
properties of PEMs. These oxides, such as TiO2, SiO2, ZrO2, zeolite, and montmorillonite,
improve membrane hydration, which is essential for efficient proton transfer and the
prevention of membrane dehydration [51]. Modification of these fillers, for example, by
sulfonation or the addition of carboxyl groups, further increases proton conductivity and
reduces methanol permeability. Composite membranes with functional zeolites and silica
show higher thermal and mechanical stability and improved resistance to methanol [52].
Such hybrid materials are promising, environmentally friendly electrolytes for use in PEM
fuel cells.

Shang et al. [53] investigated the effect of incorporating hygroscopic silicon oxide (SiO2)
in a core±shell structure into the chitosan matrix to improve the performance of PEMs
for DMFC applications. Hygroscopic SiO2 was synthesised by emulsion polymerisation
without emulsifiers, ensuring homogeneous distribution and preventing nanoparticle
agglomeration. The membranes were further cross-linked with sulphuric acid to increase
mechanical stability and create additional pathways for proton conduction. The optimal
chitosan content was 10 wt%, achieving the best balance between proton conductivity
(12.4 mS/cm) and very low methanol diffusion (on the order of 10−8 cm2/s), with selectivity
11.6 times higher than that of the Nafion 117 membrane. Compared to commercial PEMs,
these membranes exhibit excellent methanol barrier properties, good conductivity, and
mechanical strength, making them suitable candidates for DMFCs.

Gómez et al. [54] also investigated the effect of adding hygroscopic oxides, specifically
titanium dioxide (TiO2) nanoparticles, to a polymer matrix based on chitosan and polyvinyl
alcohol (PVA). The membranes were produced by solution casting, with TiO2 added in
concentrations ranging from 0.10 to 5 wt%. It was shown that a low filler concentration
(0.10 wt%) enables high moisture absorption (up to 90%), which promotes ionic conductivity,
whereas higher concentrations reduce hydration capacity due to pore closure and decreased
free volume. The optimal filler amount resulted in balanced thermal, mechanical, and ionic
properties. The membrane showed increased ionic conductivity after doping with 4 M
KOH, with reduced activation energy (0.38 eV), indicating more efficient ion transfer. In a
PEM fuel cell, this doped membrane achieved an open-circuit voltage of 1.0 V, comparable
to that of commercial Nafion 117 under high humidity (95% relative humidity) conditions.

• Metal±organic frameworks

Metal±organic frameworks (MOFs) are important materials for producing PEMs,
which are essential in fuel cell technology. Their porous structure, large specific surface
area, and tunable chemical properties enable efficient proton transport, enhancing the
conversion of chemical energy into electrical energy [55]. Doping MOFs into the chitosan
matrix can improve proton conductivity, thermal stability, and chemical resistance, thereby
increasing the efficiency and durability of PEMs. However, challenges remain. MOFs can
lose structural stability under humid and high-temperature fuel cell operating conditions,
leading to structural degradation. Additionally, synthesising MOFs with precise pores and
functional groups can be technically challenging and costly. There is also a risk of MOF
leaching, which can cause electrolyte fouling and reduce membrane performance. The
incorporation of MOFs requires advanced manufacturing methods to ensure uniform dis-
tribution and good contact with the electrodes, further complicating their application [56].

The influence of adding MOFs, specifically SO3H-UiO-66, to the DMFC performance
of chitosan membranes was investigated by Zhao et al. [57]. MOFs were deposited on the
surface of halloysite nanotubes (HNTs) using a simple in situ method, creating core±shell
nanohybrids with high dispersibility in a chitosan matrix. The addition of 10 wt% SO3H-
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UiO-66@HNTs resulted in the best overall performance, whereby proton conductivity
reached 46.2 mS/cm at 80 ◦C, and power density in the DMFC was 84.5 mW/cm2 at 70 ◦C,
which is 77.1% higher than that of the pure CS membrane. The optimal filler amount also
reduced methanol permeability by 54.1%, increased membrane selectivity, and improved
mechanical strength by 73.5%. In addition, the membrane showed better long-term stability
and a lower open-circuit voltage drop compared to commercial Nafion 115. These results
confirm that the homogeneous dispersion and functionality of MOFs significantly enhance
PEM performance for DMFC applications.

• Carbon nanotubes

Carbon nanotubes (CNTs), often referred to as buckytubes, represent a class of cylin-
drical nanostructures composed entirely from carbon atoms. These materials are generally
classified into two main types based on their structural configuration: single-walled carbon
nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTs). The difference
between these types is in the number of concentric graphitic layers. SWCNTs consist of
a solitary atomic layer of carbon, while MWCNTs contain several nested layers. This
structural variation is a crucial factor, as it significantly influences the physical properties
of the nanotubes and their subsequent suitability for specific technological applications,
such as reinforcing biopolymer electrolyte matrices. CNTs exhibit high mechanical strength
and unique electrical and thermal properties, making them suitable for use in advanced
materials and devices. However, their application in PEMs is limited by their electrical
conductivity, which can cause short circuits, and their tendency to agglomerate, making
even distribution in the polymer matrix difficult. Solutions include functionalising CNTs by
sulfonation, carboxylation, oxidation, or polymer attachment to improve their dispersibility
and compatibility with polymers [58].

Ahmed et al. [59] investigated the role of multi-walled carbon nanotubes (MWCNTs)
functionalised with sulfonic acid groups in improving the properties of chitosan membranes
for fuel cell applications. MWCNTs were sulfonated by two methods, using 1,3-propane
sultane (PS method) and distillation±precipitation polymerisation (DP method), which
is later incorporated into the chitosan matrix. The optimal filler amount was 5 wt%, at
which the membranes showed the highest proton conductivity of 26 mS/cm (PS@CNT)
and 25 mS/cm (DP@CNT), along with improved mechanical and thermal properties.
Sulfonic acid groups on the surface of MWCNTs enabled the formation of acid±base pairs
with the -NH2 groups of chitosan, thus creating continuous transmission channels for
protons. The addition of CNTs also improved tensile strength and reduced swelling,
thereby increasing the dimensional stability of the membrane. Although the conductivity
is lower than that of Nafion 117, CS/MWCNT membranes represent a viable and efficient
alternative for PEM fuel cells due to their simple preparation process and significant overall
performance improvement.

The importance of incorporating MWCNTs into the chitosan matrix to improve mem-
brane performance in DMFCs was also demonstrated by Murmu et al. [60]. CNTs were
added at concentrations ranging from 0.5 to 2 wt%, and the membranes were further
functionalised with ionic liquid (IL) to improve filler dispersion and ionic conductivity.
The optimal CNT content was 1.5 wt% (with IL), at which the CPCN@IL-3 membrane
showed the highest proton conductivity of 2.152 mS/cm at 70 ◦C and the highest se-
lectivity (1.92 × 104 Ss/cm3). This membrane also showed low methanol permeability
(7.26 × 10−8 cm2/s) and high stability in fuel cell operating conditions. The addition of
CNTs reduced methanol permeability and improved mechanical and thermal properties,
while IL further increased ion exchange capacity and water binding capacity. In practical
tests, the CPCN@IL-3 membrane achieved better performance, as shown in Figure 7.
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Figure 7. Polarisation curves of CPCN-3 and CPCN@IL-3 membranes at 70 ◦C and 2M methanol
concentration, based on data from [60].

2.2. Cellulose

Cellulose (C6H10O5)n, the most abundant naturally occurring polysaccharide, consists
of long chains of D-glucose units through β(1→4) glycosidic bonds. Although plants are
the primary source, certain microorganisms, including bacteria and fungi, also synthesise
cellulose. Its structural organisation typically includes both crystalline and amorphous
regions, with their relative proportions depending on factors such as chain length and
degree of polymerisation. The crystallinity of cellulose generally ranges between 40 and
70%, varying with the source material and extraction technique employed. Physical,
chemical, and enzymatic treatments largely preserve the crystalline regions, while the
less ordered, low-density amorphous domains are more susceptible to interactions with
other molecular species. Variations in molecular orientation, van der Waals forces, intra-
and intermolecular interactions, as well as processing and extraction conditions, give rise
to multiple cellulose polymorphs, including cellulose I, II, III1, III2, IV1, and IV11. These
polymorphic forms can be transformed into one another through appropriate chemical
or thermal treatments [61]. The extensive hydrogen-bonding network within cellulose
underpins its high structural stability and restricts its solubility to a limited range of solvents.
Based on differences in structure, morphology, and molecular arrangement, cellulose is
commonly categorised as microcrystalline cellulose (MCC), nanocrystalline cellulose (CNC),
cellulose nanofibres (CNFs), also known as nanofibrillated cellulose, bacterial cellulose
(BC), and various cellulose derivatives, such as cellulose acetate (CA) [62].
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2.2.1. Micro/Nanocrystalline Cellulose

Cellulose from plant or bacterial sources can undergo acid hydrolysis, which preferen-
tially removes the amorphous regions, enriching the crystalline fraction and the formation
of microcrystalline cellulose (MCC). Further processing of MCC yields nanocrystalline cellu-
lose (CNC), as illustrated in Figure 8. CNC particles typically exhibit a rod-like morphology
with lengths of approximately 50±200 nm. When dispersed in polymer matrices, CNC
leads to improved mechanical properties such as stiffness, tensile strength, and flexural
strength, and its surface chemistry enables further chemical functionalisation [63].

Figure 8. Formation of MCC/CNC by acid hydrolysis [16].

Hosseinpour et al. [64] investigated the improvement in DMFC performance using
multilayer membranes with the addition of nanocrystalline cellulose (CNC). Methanol
permeability through fuel cell membranes significantly reduces DMFC efficiency, aiming at
decreasing methanol permeability while maintaining high proton conductivity. CNC was
used as an economical and biodegradable barrier material within a multilayer membrane
of the same thickness as a standard Nafion N115 membrane. Nanocrystalline cellulose,
with fibre widths of 5±20 nm and lengths of 140±200 nm, was added as a barrier layer by
spraying onto the multilayer membrane structure. The optimal CNC content was 1.5 wt%.
By placing a CNC film between the layers of NR211 and NR212 Nafion membranes, closer
to the anode, the methanol crossover was effectively blocked. The CNC-doped membrane
(ML-CNC-2), prepared by pressing at room temperature, showed an 11% reduction in
methanol permeability compared to Nafion N115. This resulted in a 38% improvement in
DMFC performance over standard Nafion N115.

The fabrication of composite biopolymer membranes using microcrystalline cellulose
(MCC) modified with phosphotungstic acid (PTA) and imidazole was discussed by Bagus
Pambudi et al. [65]. The modified membranes exhibited higher proton conductivity: the
membrane with imidazole (Cell-Im) showed three times higher conductivity, while the
membrane with phosphotungstic acid (Cell-PTA) demonstrated 1.5 times higher conductiv-
ity compared to the pure cellulose membrane. Both composite membranes also displayed
lower methanol permeability, making them suitable candidates for DMFCs.

Muhmed et al. [66] investigated the effect of CNC on membrane properties for DMFCs.
CNC was synthesised by hydrolysing MCC with sulphuric acid at different concentra-
tions (30%, 40%, 50%), and then mixed with poly (vinylidene fluoride), PVDF, to obtain
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composite membranes. The results showed that the CNC-3/PVDF membrane, prepared
with 50% sulphuric acid, had a low swelling rate (15.19%) and low methanol permeability
(2.69 × 10−9 cm2/s) compared to Nafion 117. The high crystallinity of CNC and the hy-
drophobicity of PVDF contributed to improved dimensional stability and reduced methanol
permeability. Although the proton conductivity of the CNC-3/PVDF membrane was lower
(0.0757 mS/cm), its selectivity (28.14 × 103 Ss/cm3) was significantly higher than that of
Nafion 117 due to improved barrier properties.

The influence of adding microcrystalline cellulose and 2,3-dialdehyde cellulose (DAC)
on the properties of highly sulfonated poly (ether ether ketone) (SPEEK) for use in DMFCs
was investigated by Ben Moussa et al. [67]. MCC and DAC were incorporated into the
SPEEK matrix at different ratios (3%, 6%, 9%) to improve the proton conductivity and me-
chanical properties of the membranes. Proton conductivity tests at 100% relative humidity
(RH) in water showed that the optimal MCC content is 3 wt%, while the optimal DAC con-
tent is 6 wt%. However, when tested at 100% RH in methanol, the optimal MCC content is
6 wt%, and the optimal DAC content is 3 wt%. SPEEK/MCC-3 achieved the highest proton
conductivity of 186 mS/cm at 110 ◦C, while SPEEK/DAC-6 reached 152 mS/cm at 110 ◦C.
The enhancement in proton conductivity was ascribed to hydrogen-bond interactions be-
tween cellulose hydroxyl groups and the sulfonic acid groups of SPEEK, which promote
more efficient proton transport. Additionally, the incorporation of MCC and DAC reduced
methanol uptake, which is crucial for reducing fuel permeability in DMFC applications.

The influence of different acids (citric, phosphoric, and their mixtures) on cellulosic
filter papers for use in PEMFCs was investigated by Raut et al. [68]. Treating cellulose with
acids enabled hydrolysis and the formation of additional proton-conducting pathways,
increasing the ion exchange capacity (IEC) to 0.1 meq/g for cellulose filter papers treated
with a mixture of acids. Furthermore, impregnation with resorcinol bis(diphenyl phosphate)
(RDP) reduced gas permeability and improved proton conductivity. The membrane treated
with a mixture of acids and RDP achieved the highest output power of 16.1 mW/cm2 with
air and 34.3 mW/cm2 with oxygen, maintaining stable operation for 100 h. A more detailed
analysis confirmed that acids alter the way RDP binds to cellulose, thereby increasing
proton mobility. These results are summarised in the polarisation curves shown in Figure 9,
which illustrate the performance of the various cellulose/RDP membranes under different
conditions. This study demonstrates that simple modifications to cellulosic filter papers
can produce efficient and sustainable membranes for lower-power PEMFC applications.

2.2.2. Cellulose Nanofibres

Cellulose nanofibres (CNFs) are commonly obtained by mechanically processing
plant-derived biomass that has been pretreated with sodium hypochlorite and sodium
hydroxide to remove lignin and hemicellulose. In top-down fabrication methods, including
high-pressure homogenisation, microfluidisation, refining, and grinding, applied shear
forces break down cellulose microfibres into nanoscale fibrils. This process produces fibres
with diameters usually between 10 and 200 nm and lengths of several micrometres [69]. As
an alternative, CNFs may be produced through a bottom-up route involving the hydrolysis
of electrospun cellulose acetate, a method that enables the formation of fibres with greater
lengths compared to mechanically derived CNFs. [70]. Due to the inherent mechanical
strength of cellulose and the abundance hydroxyl functional groups, CNFs are suitable for
chemical modification and form interconnected networks, enabling their use as reinforcing
support matrices in composite materials. The production pathways for CNFs, including
both top-down and bottom-up approaches, are shown in Figure 10.
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Figure 9. Polarisation curves for cellulose/RDP membrane with (a) untreated, (b) citric acid, (c) phos-
phoric acid, (d) mixed acids, and (e) mixed acids in oxygen environment; (f) comparison of maximum
power performance for the respective membrane±electrode assembly (MEA); (g) comparison of
power performance as a function of temperature for each MEA [68].
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Figure 10. Creating CNFs via (a) top-down methods, such as grinding, and (b) bottom-up methods,
such as electrospinning and hydrolysis [16].

Bayer et al. [71] investigated biopolymer membranes based on sulfonated cellulose
nanofibres (S-CNF) as an alternative to expensive fluoropolymer membranes such as
Nafion. Three types of membranes were used: common nanocellulose (CNF), crystalline
nanocellulose (CNC), and sulfonated nanocellulose (S-CNF). CNF showed excellent me-
chanical strength but low proton conductivity, while CNC had higher conductivity but
poor mechanical stability. S-CNF membranes exhibited a proton conductivity of 2 mS/cm
and a significantly lower hydrogen permeability than Nafion, demonstrating potential for
fuel cell applications. One membrane was produced by a spraying process, in which a
sulfonated nanocellulose suspension was uniformly applied directly to the electrocatalytic
layer, in a process similar to 3D printing. Thin membranes (8 µm) produced by this method
enabled a high current density (>0.8 A/cm2) and a power density of 156 mW/cm2. The
main challenges were low open-circuit voltage due to occasional microcracks in the mem-
brane and the need for process optimisation. Figure 11 presents the polarisation and power
density curves for these S-CNF membranes, along with comparisons of hydrogen perme-
ability and durability tests. However, its extremely low cost ($50/m2) and biodegradability
make this technology promising for commercial and disposable applications.

An investigation of biopolymer membranes made from cellulose nanofibres (CNFs)
derived from wood pulp was conducted by Li et al. [72]. Four types of membranes were
used: CNF-1 (without cross-linking with citric acid), CNF-2 and CNF-4 (with low and
high proportions of citric acid), and CNF-3 (with optimal cross-linking using 0.300 mL 1 M
citric acid). CNF-3 showed the best performance with a conductivity of 9.4 mS/cm and a
power density of 27.7 mW/cm2 at 80 ◦C, which was 30 times higher than that of the non-
cross-linked membrane (CNF-1). The manufacturing process involved TEMPO oxidation
of the wood pulp, cross-linking with citric acid, and drying and thermal pressing. Cross-
linking with citric acid increased mechanical flexibility, reduced porosity, and improved
proton conductivity due to the formation of ester bonds and additional carboxyl groups,
as illustrated in Figure 12, showing polarisation curves and power density curves for
all membranes.
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Figure 11. Polarisation curves and power density curves of membrane fuel cells: (a) S-CNF with a
thickness of 30 µm and (b) S-CNF with a thickness of 8 µm; (c) comparison of hydrogen permeability
current density for Nafion and biopolymer membranes based on S-CNF; (d) durability test of a fuel
cell with a S-CNF membrane with a thickness of 30 µm [71].

Figure 12. (a) Polarisation curves and (b) power density curves of all membranes [72].

2.2.3. Bacterial Cellulose

Bacterial cellulose (BC) is a highly crystalline extracellular substance produced by
various bacterial species. High-yielding species such as Gluconacetobacter xylinus (also
known as Acetobacter xylinum and Komagataeibacter xylinus) show promising potential for
industrial production [73]. BC forms a three-dimensional nanofibrous network with fibre
diameters approximately two orders of magnitude smaller than those of plant-derived cel-
lulose, contributing to its superior tensile strength, higher crystallinity index, and enhanced
water-holding capacity [74]. In addition to these structural advantages, BC is exceptionally
pure, being inherently free from lignin and hemicellulose. The abundance of reactive
hydroxyl groups within its cellulose framework enables diverse chemical functionalisation
strategies, including the introduction of groups that promote ionic conductivity.

Yang et al. [75] investigated two types of biopolymer membranes based on bacterial
cellulose: an unmodified membrane (Unmodified-BC) and a membrane modified with
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3-aminopropyltriethoxysilane (APTES) (Modified-BC). The unmodified membrane showed
very poor water stability and low proton conductivity, whereas the modified membrane
demonstrated significantly improved properties. The highest proton conductivity of the
modified-BC membrane was 62.2 mS/cm at 95 ◦C and 100% RH, and the maximum power
density in the fuel cell was 4.85 mW/cm2. The open-circuit voltage of the fuel cell was 0.92 V,
and the membrane maintained stable operation for one hour under constant load. The
membrane was prepared by solution casting after APTES was hydrolysed and chemically
bound to the surface of the bacterial cellulose. Despite its lower conductivity compared
to Nafion, the advantages of this membrane include high mechanical strength (86 MPa),
chemical stability, and a cost ten times lower, making it suitable for biodegradable and
disposable hydrogen fuel cells, as shown in Figure 13.

Figure 13. (a) Polarisation curves of a single fuel cell at 100% RH, (b) power density curves at 100%
RH, (c) output voltage stability at 100% RH and 85 ◦C for a current density of 10 mA/cm2, and
(d) photograph of a single fuel cell used for tests [75].

2.2.4. Cellulose Acetate

Cellulose acetate (CA) is a chemically modified form of cellulose in which up to
three hydroxyl groups per anhydroglucose unit are substituted with acetyl groups. The
classification of CA depends on its degree of substitution (DS), and it is categorised as
monoacetate (DS < 2.2), diacetate (DS = 2.2±2.7), or triacetate (DS = 2.7±3.0) [76]. This
substitution process interferes with natural crystallinity, increasing cellulose solubility in
widely used organic solvents. For example, cellulose diacetate is soluble in acetone, unlike
raw cellulose, making it suitable for reshaping techniques such as spinning. As the acetyl
group content increases, the inherent hydrophilicity of the cellulose structure decreases [77].

Khalifa et al. [78] developed biopolymer membranes based on phosphorylated cel-
lulose acetate matrix (Ph-CA) with the addition of titanium dioxide nanoparticles (TiO2)
in various proportions (0, 2.5, 5, 7.5, and 10 wt%). The membranes were designated as
TiO2/Ph-CA-x, where ªxº represents the weight percentage of TiO2. The best perfor-
mance was observed with 5 wt% TiO2, where the membrane showed the highest IEC
(1.13 meq/g at 25 ◦C and 2.01 meq/g at 80 ◦C) and the lowest methanol permeability
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(0.98 × 10−16 cm2/s), which is significantly better than Nafion (1.14 × 10−9 cm2/s). The
mechanical strength of the membrane with 7.5 wt% TiO2 was 58 MPa, while the contact
angle indicated good hydrophilicity up to 5 wt%. The addition of more than 5 wt% TiO2

resulted in decreased IEC and hydrophilicity due to particle agglomeration. The mem-
branes demonstrated good thermal stability and chemical resistance to Fenton’s solution.
Figure 14 shows how the performance factor changes with TiO2 content, indicating an
optimal 5 wt% content. In conclusion, the optimal proportion of TiO2 was 5 wt%, at which
the best overall performance was achieved for application in DMFCs.

Figure 14. Performance factor as a function of TiO2 nanoparticle content [78].

Biopolymer membranes based on cellulose acetate (CA) reinforced with graphene
oxide (GO) nanoparticles in various proportions (from 0.05 to 0.8 wt%) were developed
by Madih et al. [79]. Seven types of membranes were tested, designated as CA-GO-X,
where X indicates the weight percentage of GO. The membrane with the highest GO
content (0.8 wt%) showed the best properties: a proton conductivity of 15.5 mS/cm and a
power density of 519 mW/cm2 at 60 ◦C and 100% RH, both higher than those of Nafion
212 (401 mW/cm2). Increasing the GO proportion improved IEC (up to 1.18 meq/g), water
absorption (up to 24%), and mechanical strength (up to 58 MPa), but reduced thermal
stability. The pure CA membrane had significantly lower conductivity (1.21 mS/cm)
and power density (235 mW/cm2), whereas the composite membranes showed gradual
improvements with increasing GO content, as shown in the polarisation and power density
curves for all membranes (Figure 15). Membranes containing 0.3±0.5 wt% GO also achieved
competitive performance with balanced mechanical and electrochemical properties. These
results are particularly significant because the membranes were fabricated by simple
solution casting, indicating their potential for the environmentally friendly and low-cost
production of PEM fuel cells.
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Figure 15. Polarisation curves and power density curves for pure CA membrane, CA/GO nanocom-
posite membranes and Nafion 212 [79].

Khalaf et al. [80] prepared phosphorylated PEMs based on polyvinyl alcohol (PVA)
and cellulose acetate (CA) for use in DMFCs. The membranes were synthesised using
the solution casting technique, and their properties were examined as a function of CA
content, ortho-phosphoric acid (OPA) concentration, and glutaraldehyde (GA) concentra-
tion. The results showed that the phosphorylated PVA/CA membranes exhibited proton
conductivities of 35 mS/cm at 25 ◦C and 50 mS/cm at 70 ◦C, with an ion exchange capac-
ity (IEC) of 2.1 meq/g. In addition, the membranes showed low methanol permeability
(1.08 × 10−10 cm2/s), which is significantly lower than that of Nafion 117 membranes.
Phosphorylation improved proton conductivity and mechanical properties, while the
addition of CA reduced swelling and improved stability.

2.3. Gellan Gum

Gellan gum, an anionic polysaccharide that dissolves in water, is synthesised by
the bacterium Sphingomonas elode [81]. This biopolymer can be used alone or blended
with secondary components to tailor specific material properties. Notably, it enables the
fabrication of thermoreversible membranes that exhibit consistent reversible transitions
during thermal cycling. Structurally, gellan gum is classified as a heteropolysaccharide.
Its structure is defined by complex tetrasaccharide repeating sequences, which maintain
a stoichiometric ratio of 1:2:1 for α-L-rhamnose, β-D-glucose, and β-D-glucuronic acid.
Figure 16 shows the structure of gellan gum. It contains a significant number of -OH groups,
to which the cation of any salt can be attached to increase the charge carrier concentration.
It is available as low acyl, which forms hard, brittle gels, and high acyl, which forms
soft, elastic, unbreakable gels. A unique property of gellan gum is its ability to produce a
low-viscosity solution. It also has high thermal stability up to 120 ◦C, which is why it can
be used in electrochemical devices [82].
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Figure 16. Structure of gellan gum.

Naachiyar et al. [83] developed biopolymer membranes based on gellan gum doped
with various concentrations of ammonium thiocyanate (NH4SCN), ranging from 0.8 to
1.2 wt%. All membranes were prepared by the solution casting method, with the membrane
containing 1.1 wt% NH4SCN exhibiting optimal electrochemical properties. This membrane
showed the highest proton conductivity (14.1 mS/cm), the lowest crystallinity (8.85%), and
a low glass transition temperature (42.98 ◦C), indicating a high degree of amorphousness
suitable for proton transport. The best-performing membrane was used to construct a
single PEM fuel cell, which achieved an output voltage of 0.58 V. The same membrane
was also used to fabricate a proton battery with an open-circuit voltage of 1.62 V and a
discharge duration of 60 h at low load. These results demonstrate the significant potential
of gellan gum as a sustainable and efficient material for electrochemical devices.

2.4. Sodium Alginate

Extracted from brown seaweed of the Laminariaceae family, sodium alginate (SA) is a
hydrophilic anionic polysaccharide. Its main industrial sources are the species Laminaria

hyperborea, Macrocystis pyrifera, and Ascophyllum nodosum [84]. Structurally, SA is a branched
polymer composed of β-(1→4)-linked D-mannuronic acid and α-(1→4)-linked L-guluronic
acid residues. Because of its biodegradability, biocompatibility, and low toxicity, SA is an
effective stabilising and gelling agent. As a result, it is widely used in pharmaceuticals, food
processing, and cosmetics. However, the use of pristine SA membranes is often limited by
certain drawbacks, particularly their tendency to swell significantly and their suboptimal
mechanical stability [85].

Shaari et al. [86] prepared biopolymer membranes based on sodium alginate, incorpo-
rating varying amounts of titanium dioxide (TiO2) nanoparticles, labelled as SAT1 to SAT5,
containing 5±25 wt% TiO2. All membranes were tested in a single DMFC, with the SAT4
membrane containing 20 wt% TiO2, demonstrating the best performance. This membrane
had the highest proton conductivity of 16.8 mS/cm at 30 ◦C, the lowest methanol permeabil-
ity (1.95 × 10−7 cm2/s), and the highest selectivity of 8.615 × 104 Ss/cm3. In the single PEM
fuel cell, the SAT4 membrane achieved a maximum power density of 19.13 mW/cm2 at
60 ◦C, which is higher than that of Nafion 117 (13.63 mW/cm2) under the same conditions.
The mechanical strength was 4.3 MPa, and the membrane also showed good chemical
resistance, remaining intact after 192 h in 2 M methanol at 60 ◦C. Compared with other
biopolymer membranes based on SA (e.g., SA/glycerine, SA/SGO), SAT4 provides the best
balance of conductivity, stability, and selectivity. The performance differences are further
illustrated in Figure 17, showing polarisation and power density curves for Nafion 117 and
SAT4 in a methanol concentration of 4 M at 30 ◦C and 60 ◦C.

https://doi.org/10.3390/en19102426

https://doi.org/10.3390/en19102426


Energies 2026, 19, 2426 22 of 37

Figure 17. Polarisation curves and power density curves obtained for Nafion 117 and composite
membrane SAT4 with 4M methanol concentration at temperature of 30 ◦C (a) and 60 ◦C (b) (reprinted
with permission from ref. [86]. Copyright (2019) Wiley Online Library).

Vijitha et al. [87] prepared four types of biopolymer membranes based on sodium
alginate, which were sulfonated using two monomers, namely 2-acrylamido-2-methyl-1-
propanesulfonic acid (SA-g-AMPS) and sodium 4-vinylbenzenesulfonate (SA-g-SVBS), then
blended with polyvinyl alcohol (PVA). The resulting membranes were designated PSAAM
and PSASB, while their composite versions, incorporating 10 wt% phosphomolybdic
acid (PMA), were named PSAAM-PMA and PSASB-PMA. The PSAAM-PMA membrane
showed the highest proton conductivity of 59.23 mS/cm, while PSASB-PMA reached
45.66 mS/cm. Both composite membranes also demonstrated low methanol permeability
(1.36 × 10−6 cm2/s and 1.61 × 10−6 cm2/s), significantly better than the pure membranes.
Various characterisation techniques confirmed good homogeneity and stability.

Yusoff et al. [88] investigated sodium alginate (SA)-based biopolymer membranes
cross-linked with glutaraldehyde (GA) and plasticised with 5 wt% glycerol to improve
their ionic and mechanical properties for fuel cell applications. Five different membranes
(SA-5 to SA-25) containing 5±25 wt% GA were prepared. The highest proton conductivity
was achieved by the SA-15 membrane with a value of 8.28 mS/cm, while the highest ion
exchange capacity (IEC) was observed in SA-25 (1.293 meq/g). In terms of mechanical
properties, the SA-25 membrane had the highest tensile strength (251.39 MPa), while the
SA-15 and SA-20 membranes also demonstrated good strength with reduced elasticity.
These trends in swelling ratio, water uptake, and methanol uptake of the cross-linked SA
membranes are summarised in Figure 18.
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Figure 18. Swelling ratio, water uptake and methanol uptake of cross-linked SA membranes [88].

2.5. Starch

Starch, a plant-derived natural polysaccharide, has become a focal point of research
into sustainable and biodegradable materials. It shows significant promise for energy
storage technologies and electrolyte systems [89]. Due to its cost-effectiveness and abil-
ity to produce flexible films, it is considered as a suitable substrate for proton exchange
membranes (PEMs) [90]. The performance of starch-based membranes can be improved
by incorporating salts, such as sodium hydrogen sulphate (SHS). These composites are
expected to demonstrate enhanced ionic conductivity and superior mechanical stabil-
ity, thereby increasing their suitability for use in fuel cells and related electrochemical
applications [91].

Composite membranes based on starch and chitosan for use in hydrogen fuel cells
were investigated by Al-Othman et al. [92]. The pure starch membrane achieved a proton
conductivity of 2.1 mS/cm but was mechanically fragile. Adding chitosan in ratios of
23±48 wt% improved both proton conductivity and mechanical properties, with the optimal
ratio of 38 wt% chitosan resulting in a conductivity of 2.8 mS/cm. The influence of the
ionic liquid diethylmethylammonium methanesulfonate on the membrane properties was
also examined. However, the addition of the ionic liquid reduced proton conductivity by
45±65%, indicating a negative impact on performance.

Faiz Hassan et al. [93] investigated biopolymer membranes based on starch and
sodium hydrogen sulphate (SHS) prepared by the solution casting method. Pure starch
membranes were transparent and mechanically unstable, whereas the addition of SHS at
concentrations of 5±45 wt% altered morphology and structure. Figure 19 illustrates how
varying SHS content affects the proton conductivity of these starch-based membranes. The
membrane with 15 wt% SHS achieved the highest ionic conductivity of 0.0317 mS/cm,
attributed to an increase in the number of mobile ions and a decrease in crystallinity.
However, a further increase in SHS concentration (up to 45 wt%) led to a decrease in
conductivity due to ion aggregation and structural changes. Scanning electron microscope
(SEM) analysis showed that the addition of SHS changes surface morphology, from smooth
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to rough and uneven, affecting the mechanical properties. Other analyses confirmed
interactions between starch and SHS and structural changes.

Figure 19. Proton conductivity of starch-based biopolymer membranes with different weight percent-
ages of sodium hydrogen sulphate (SHS). Based on data from [93].

2.6. Keratin

Keratin is a proteinaceous biopolymer notable for its impressive mechanical durability
and inherent capacity for self-assembly [94]. These proteins are generally categorised into
ªhardº varieties, sourced from hair, and ªsoftº types, originating from epithelial tissues.
Hard keratins have a higher concentration of cysteine residues, which enables a more
extensive network of sulphur-based cross-linking [95]. Due to their fibrous nature, ker-
atins are exceptionally stable and exhibit low solubility. Keratins are further classified as
either α-keratins or β-keratins based on their secondary structure. α-keratins possess a
tightly coiled, right-handed helical configuration with 3.6 amino acids per turn. Hydrogen
bonding within the side chains stabilises this tertiary arrangement. In general, β-keratins
are predominantly found in reptiles and birds. These structures achieve stability through
extensive hydrogen bonding between the carboxyl and amino groups. Notably, β-keratins
are significantly more difficult to extract than their α counterparts [96]. For energy applica-
tions, keratins are highly useful due to the presence of nitrogen atoms that enhance carbon
activation for ion transport, as well as biopolymer properties such as biodegradability [97].

Soon et al. [98] investigated keratin membranes derived from industrial chicken feather
waste for use in PEM fuel cells. The membranes were prepared by extracting keratin, form-
ing amyloid fibres through heat treatment, and applying oxidative modification to increase
proton conductivity. The modified keratin membranes (Keratin-M) achieved an ion ex-
change capacity of 1.56 meq/g and a proton conductivity of 6.3 mS/cm in water, both
significantly higher than those of untreated membranes. Additionally, the membranes
showed threefold lower methanol permeability compared to Nafion, making them promis-
ing candidates for DMFCs. The performance of a single PEM fuel cell using the keratin
membrane, under hydrogen/air and hydrogen/oxygen conditions, is shown in Figure 20.
Testing in a single PEM fuel cell demonstrated a maximum power density of 25 mW/cm2

at 55 ◦C, and the membranes have also been successfully used in proton transistors and
electrolysers for hydrogen production. These results highlight the potential of keratin
membranes as a low-cost and sustainable alternative to commercial PEM membranes.
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Figure 20. Performance of a keratin membrane single fuel cell with hydrogen and air (left), and hydrogen
and oxygen (right) (reprinted with permission from ref. [98]. Copyright (2023) ACS Publications).

Biopolymer membranes based on bacterial cellulose and keratin from human nails,
prepared in different mass ratios (4.5:0.5, 4.3:0.7, and 4:1), were investigated by Gustian
et al. [99]. The analysis confirmed interactions between bacterial cellulose and keratin
through hydrogen bonds and showed that the membranes have a semicrystalline structure,
contributing to their mechanical strength. The highest proton conductivity was achieved
with the membrane at a 4:1 ratio (0.04572 mS/cm at 25 ◦C), while the degree of swelling
was 32.50%. These results suggest that adding keratin improves proton conductivity
by providing amino groups that facilitate proton transfer. Although the membranes’
performance remains lower than that of Nafion, these studies highlight the potential of
bacterial cellulose and keratin as low-cost, sustainable alternatives for fuel cell applications.
The membranes also showed good thermal stability and mechanical properties, making
them promising materials for further development.

2.7. Collagen

As the predominant structural protein in biological systems, collagen is a protein-based
biopolymer essential for tissue integrity [100]. It is characterised by a sophisticated, hierar-
chical fibrous architecture that culminates in a triple-helix quaternary structure known as
tropocollagen. These tropocollagen units further assemble to form robust collagen fibres.
This intricate polymer arrangement gives collagen with superior mechanical properties,
particularly high tensile strength and elasticity [101]. Chemically, collagen contains a
high density of carbon, nitrogen, and oxygen atoms. This atomic composition enables
doping strategies to enhance the electrochemical performance of biopolymer-based mem-
branes [102]. Notably, for energy applications, collagen is often recovered from leather and
skin waste. Using such by-products demonstrates a commitment to the circular economy
and the development of sustainable materials for green energy storage [103].

Proton conduction in collagen does not occur through the collagen molecule itself,
but mainly through water molecules hydrated around it (Figure 21). The collagen triple-
helix structure provides sites (N-H, O-H, and C=O groups) where water molecules attach
via hydrogen bonding, forming a hydration shell. At low hydration levels (N < 2 water
molecules per unit), these water molecules are isolated, so proton transport is negligible.
As hydration increases (2 < N < 4), water molecules form intra-water bridges inside the
helix, enabling limited, quasi-one-dimensional proton transfer. At higher hydration levels
(N > 4), excess water molecules begin linking adjacent helices via inter-water bridges,
and by around N ≈ 7, these connections evolve into a continuous three-dimensional
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hydrogen-bonded network. This extended network allows efficient long-range proton
conduction [104,105].

Figure 21. Inter-water bridge formed in between adjacent helices. (a) Weak inter-water bridge (red
broken lines) because of the large hydrogen-bonding distance at N = 4; (b) the bridge strengthened
with the increasing water molecules at N > 4; (c) proton conduction via the three-dimensional water
network established in between the helices [104].

Biopolymer membranes composed of collagen and imidazole were investigated by
Furuseki et al. [106] to achieve anhydrous proton conductivity, i.e., conductivity without
the need for moisture. Two types of membranes were tested: pure collagen and imidazole±
collagen composites, with the imidazole concentration varied from 0 to 4 wt%. Optimal
proton conductivity was achieved in the composite with 2 wt% imidazole, yielding a
measured conductivity of about 1 mS/cm at 200 ◦C. This value surpasses that of other bio-
logical anhydrous conductors such as hydroxyapatite±collagen membranes. Experimental
measurements showed that conductivity increases with the proportion of imidazole up to
2 wt%, after which it decreases due to the inhibition of imidazole rotation, which prevents
proton transfer. It was shown that conductivity perpendicular to the direction of collagen
fibres is ten times higher than that parallel to them, confirming the model of proton transfer
through breaking and re-establishing hydrogen bonds between imidazole and collagen
side chains. This anhydroconductive biomembrane shows potential for application in PEM
fuel cells at high temperatures without the need for additional humidification.

Ali et al. [107] developed four types of biopolymer membranes composed of collagen,
chitosan, and ionic liquid, with varying amounts of poly(ethylene glycol) (PEG) as a
plasticiser. All membranes were prepared by the solution casting method, aiming to
improve proton conductivity and elasticity for use in PEM fuel cells. The first membrane,
without PEG had the lowest conductivity of 0.062 mS/cm, while the fourth membrane,
with the highest PEG content (0.5 g), achieved the highest conductivity of 1.173 mS/cm.
The addition of PEG improved conductivity by promoting the dissociation of ion pairs,
and all membranes showed high elasticity. However, the conductivity remains lower than
that of Nafion (100 mS/cm), so further optimisation of the composition, particularly the
amounts of ionic liquid and chitosan, was suggested. The authors also proposed testing
hydrated membranes and assessing their stability at elevated temperatures to improve
their applicability in high-temperature PEM systems.

Several affordable proteins, which are primarily produced from waste sources of the
food industry, could also make proton-conducting biopolymers. This group of proteins
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contain: (1) The milk-derived casein protein that can form proton-conducting films upon
its chemical sulfonation with proton conductivity values of 0.4 mS/cm [108]. (2) The
glyco-sylated mucin protein that can form proton-conducting films upon its chemical
carboxyla-tion with proton conductivity values of 2.1 mS/cm [109]. (3) The bovine serum
albumin (BSA) protein that can be electrospun to mats with proton conductivity in the
order of 0.5-1 mS/cm [110,111]. The BSA mats can be further doped with carbon dots,
which showed an increase in proton conductivity to 3.5 mS/cm [112]. The BSA protein can
also form films, which showed even increased proton conductivity of 5.3 mS/cm [113]. Due
to their low cost and sustainability, these protein groups are good biopolymeric candidates
for PEM applications.

2.8. Summary of Biopolymer Membrane Properties

Tables 1±3 summarise the main properties of the biopolymer membranes discussed
in this study, including proton conductivity, methanol permeability, membrane selectivity,
and the maximum power density achieved in a single PEM fuel cell.

Table 1. List of proton conductivities of various biopolymer membranes.

Membrane Name Proton Conductivity [mS/cm]
Experimental

Conditions
Ref.

s-CS/PEO/s-GO (6 wt%)
111.11 80 ◦C, 100% RH

[32]48.3 30 ◦C, 100% RH

CH5
19.4 65 ◦C, 100% RH

[33]12.1 RT, 100% RH

CS/PGO (2.0) 36 / [39]

PCS/N-CNT-5 45 80 ◦C, 100% RH [40]

Chitosan/Fly Ash 10 wt% 6.863 / [42]

CS-PAni/SiO2-3 8.39 80 ◦C, 100% RH [43]

CS-WQAT-4 35.3 80 ◦C, 100% RH [48]

CS-HPA-PTA 12 70 ◦C, 100% RH [49]

CS-STA 4.88 25 ◦C, 100% RH [50]

M-10 12.4 25 ◦C, 100% RH [53]

CS/SO3H-UiO-66@HNTs-10
46.2 80 ◦C, 100% RH

[57]14.9 20 ◦C, 100% RH

CS/PS@CNT-5 26 RT, 100% RH [59]

CS/PD@CNT-5 25 RT, 100% RH [59]

CPCN@IL-3
2.152 70 ◦C, 100% RH

[60]1.394 30 ◦C, 100% RH

ML-CNC-2 62.71 70 ◦C, 100% RH [64]

Cell-Im 0.214 RT [65]

CNC-3/PVDF 0.0757 25 ◦C, 100% RH [66]

SPEEK-MCC-3 186 110 ◦C, 100% RH [67]

SPEEK-DAC-3 152 110 ◦C, 100% RH [67]

Cellulose_mixedacids_1M_RDP
11 90 ◦C, 100% RH

[68]4 30 ◦C, 100% RH

S-CNF 2 120 ◦C, 100% RH [71]

CNF-3 9.4 80 ◦C, 100% RH [72]
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Table 1. Cont.

Membrane Name Proton Conductivity [mS/cm]
Experimental

Conditions
Ref.

Modified-BC 62.2 95 ◦C, 100% RH [75]

CA-GO-0.8 15.5 RT, 80±85% RH [79]

MK 14
50 70 ◦C, 100% RH

[80]35 25 ◦C, 100% RH

1 g Gellan gum + 1 M wt% NH4SCN 14.1 / [83]

SAT4
70 30 ◦C, 100% RH

[86]16.8 70 ◦C, 100% RH

PSAAM-PMA 59.23 30 ◦C, 100% RH [87]

PSASB-PMA 45.66 30 ◦C, 100% RH [87]

SA-15 8.28 RT, 100% RH [88]

Starch/Chitosan 38 wt% 2.8 / [92]

Starch/SHS 15 wt% 0.0317 / [93]

Keratin-M 6.3 / [98]

Composite 4:1 0.04572 25 ◦C, 100% RH [99]

Imidazole±Collagen (n = 2.0) 1 200 ◦C [106]

0.1 g collagen:0.1 g chitosan
+ 0.2 g IL + 0.5 g PEG

1.173 / [107]

Casein 0.4 RT [108]

Mucin-COOH 2.1 RT [109]

BSA mats 0.5-1 RT [110,111]

BSA mats/CDs 3.5 RT [112]

BSA films 5.3 25 ◦C, 75% RH [113]

RTÐroom temperature; RHÐrelative humidity.

Table 2. List of methanol permeability and membrane selectivity parameters of various biopoly-
mer membranes.

Membrane Name
Methanol Permeability

[cm2/s]
Selectivity Parameter

[Ss/cm3]
Experimental
Conditions

Ref.

CH5
9.3 × 10−1 2.1 × 104 65 ◦C, 100% RH

2M CH3OH [33]

4.5 × 10−7 2.7 × 104 RT, 100% RH
2M CH3OH

Chitosan/Fly Ash 10 wt% 6.3 × 10−6 1.1 × 103 /
1M CH3OH

[42]

M-10 5 × 10−8 2.47 × 105 25 ◦C, 100% RH
2M CH3OH

[53]

CS/SO3H-UiO-66@HNTs-10
5 × 10−7 2.92 × 104 20 ◦C, 100% RH

2M CH3OH [57]

3.2 × 10−6 1.18 × 104 70 ◦C, 100% RH
2M CH3OH

CPCN@IL-3 7.26 × 10−8 1.92 × 104 RT, 100% RH
2M CH3OH

[60]

ML-CNC-2 4.5 × 10−6 1.4 × 104 70 ◦C, 100% RH
2M CH3OH

[64]
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Table 2. Cont.

Membrane Name
Methanol Permeability

[cm2/s]
Selectivity Parameter

[Ss/cm3]
Experimental
Conditions

Ref.

Cell-Im 4.42 × 10−7 4.838 × 102 70 ◦C, 100% RH
2M CH3OH

[65]

CNC-3/PVDF 2.69 × 10−9 28.141 × 103 25 ◦C, 100% RH
1M CH3OH

[66]

TiO2/Ph-CA-5 0.98 × 10−16 /
25 ◦C, 100% RH

2M CH3OH
[78]

Ph-PVA/CA 1.08 × 10−10 /
25 ◦C, 100% RH

2M CH3OH
[80]

SAT4 0.195 × 10−6 8.615 × 104 30 ◦C, 100% RH
2M CH3OH

[86]

PSAAM-PMA 1.36 × 10−6 / 30 ◦C, 100% RH [87]

PSASB-PMA 1.61 × 10−6 / 30 ◦C, 100% RH [87]

RHÐroom temperature; MÐmolar concentration; RTÐroom temperature.

Table 3. List of achieved maximum power densities of biopolymer membranes and reference Nafion
membranes tested in a single PEM fuel cell.

Polymer Type Fuels Addition or Filler
Max. Power Density

[mW/cm2]
Operating
Conditions

Ref.

Chitosan H2/O2

5 wt% of functionalised multi-walled carbon
nanotubes

(N-MWCNTs)
49.75 50 ◦C,

100% RH [40]

Chitosan 2M CH3OH/O2
3 wt% of sulfonated polyaniline (PAni) and

silicon dioxide (SiO2) 56.27 80 ◦C,
100% RH [43]

Chitosan 2M CH3OH/O2

4 wt% of phosphotungstic acid (PTA)
immobilised on one-dimensional

attapulgite (AT)
70.26 70 ◦C,

100% RH [48]

Chitosan 2M CH3OH/O2 / 40.08 70 ◦C,
100% RH [48]

Nafion 212 2M CH3OH/O2 / 79.87 70 ◦C,
100% RH [48]

Chitosan 1M CH3OH/O2
Cross-linked for 30 s with HPA and then

functionalised in a PTA/water solution for 24 h 60 70 ◦C
100% RH [49]

Chitosan H2/O2
Cross-linked for 30 s with STA and then

functionalised in STA/water solution for 24 h 370 25 ◦C,
100% RH [50]

Chitosan 2M CH3OH/O2
10 wt% of SO3H-UiO-66 deposited on the
surface of halloysite nanotubules (HNTs) 84.5 70 ◦C,

100% RH [57]

Chitosan 2M CH3OH/O2 / 50.2 70 ◦C,
100% RH [57]

Nafion 115 2M CH3OH/O2 / 92.4 70 ◦C,
100% RH [57]

Chitosan 2M CH3OH/O2

1.5 wt% of MWCNTs and 0.05 mL of IL were
added to the mixture of CS and PVA in the ratio

of 10:90
82 70 ◦C,

100% RH [60]

Nafion and
cellulose

1M CH3OH/air Multilayer membrane NR211/CNC/NR212/
NR212 75.53 70 ◦C,

100% RH [64]

Cellulose and
PVDF

1M CH3OH/O2

The ratio of CNC and PVDF was 1:1, while the
concentration of sulphuric acid during

hydrolysis was 50%
8.65 25 ◦C,

100% RH [66]

Nafion 117 1M CH3OH/air / 19 25 ◦C,
100% RH [66]
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Table 3. Cont.

Polymer Type Fuels Addition or Filler
Max. Power Density

[mW/cm2]
Operating
Conditions

Ref.

Cellulose
H2/O2 Mixture of citric and phosphoric acid and

coating with RDP in the ratio Cellulose/RDP 2:1
34.3 60 ◦C,

100% RH
[68]H2/air 16.1

Cellulose H2/air
Sulfonated cellulose nanofibres (30 µm) 4.1 80 ◦C,

95% RH
[71]Sulfonated cellulose nanofibres (8 µm) 156

Cellulose H2/O2
Cellulose nanofibres cross-linked with 0.300 mL

of 1 M citric acid 27.7 80 ◦C,
100% RH [72]

Cellulose H2/air Bacterial cellulose modified with APTES 4.85 95 ◦C,
100% RH [75]

Cellulose H2/air Cellulose acetate with 0.8 wt% of graphene oxide 519 60 ◦C,
100% RH [79]

Nafion 212 H2/air / 401 60 ◦C,
100% RH [79]

Sodium alginate 4M CH3OH/air
20 wt% of TiO2 and cross-linked with

glutaraldehyde and glycerol

14.53 30 ◦C,
100% RH

[86]
19.13 60 ◦C,

100% RH

Keratin
H2/O2 Mixed keratin amyloid fibres with glyoxylic acid,

then heating treatment and immersion of the
membranes in peracetic acid

25 55 ◦C,
100% RH

[98]
H2/air 20 65 ◦C,

100% RH

RTÐroom temperature; MÐmolar concentration.

3. Conclusions
PEMFCs are a cornerstone technology for the transition to sustainable energy systems,

enabling the direct conversion of hydrogen’s chemical energy into clean, zero-emission
electricity. Due to hydrogen’s high energy density, purity, and compatibility with renewable
energy sources, hydrogen fuel cells represent one of the most promising pathways towards
decarbonising the energy and transport sectors.

A major challenge hindering the widespread commercialisation of PEMFCs is the
high production cost of polymer membranes. This issue, along with increasingly stringent
environmental regulations promoting eco-friendly materials, has generated significant
interest in biopolymers as alternative membrane materials. Biopolymers offer considerable
potential as sustainable and cost-effective substitutes for conventional petroleum-based
membranes. Although most biopolymer membranes still fall short of Nafion in overall per-
formance, ongoing research demonstrates steady progress through chemical modification,
cross-linking, and the incorporation of inorganic fillers to enhance their physicochemical
and electrochemical properties. It is important to note that the highest proton conductivity
values reported in this review are largely associated with membranes based on synthetic
polymers, in which biopolymers are incorporated primarily as additives.

A comprehensive review of the literature indicates that chitosan and cellulose are the
most extensively studied biopolymers for PEMFC applications, whereas others, such as
keratin, collagen, and starch, remain relatively underexplored. Furthermore, only a limited
number of studies have evaluated biopolymer membranes under actual fuel cell operating
conditions. Among those that have, testing has largely been done to obtain the polarisation
curve, which is among the most important indicators of membrane performance. However,
these membranes must also undergo durability testing to enable proper assessment of their
chemical and mechanical stability within the fuel cell environment. Most studies focus
primarily on proton conductivity, which is a key parameter, but one that is insufficient on
its own to fully evaluate membrane performance. Notably, the substantial variability in
reported conductivity values highlights the need for standardised testing protocols. To
ensure consistent and reliable comparison across studies, it is recommended that researchers
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evaluate their biopolymer membranes alongside a reference Nafion membrane under
identical conditions. Additionally, the development of a unified experimental setup, with
standardised materials, catalyst loadings, and measurement procedures, would enable
direct comparison of results, facilitate the identification of the most promising materials,
and accelerate progress towards the design of high-performance, sustainable biopolymer
membranes for PEMFCs.
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Abbreviations
The following abbreviations are used in this manuscript:

(C6H10O5)n Cellulose
AMPS 2-acrylamido-2-methyl-1-propanesulfonic acid
AT Attapulgite
ATMP Aminotris(methylenephosphonic acid)
BC Bacterial cellulose
CA Cellulose acetate
CNC Nanocrystalline cellulose
CNF Cellulose nanofibres
CNT Carbon nanotube
CO2 Carbon dioxide
CS Chitosan
DMFC Direct methanol fuel cell
DS Degree of substitution
EIS Electrochemical impedance spectroscopy
GA Glutaraldehyde
GO Graphene oxide
HNT Halloysite nanotube
HPA Heteropoly acid
IEC Ion exchange capacity
IEMFC Ion exchange membrane fuel cell
IL Ionic liquid
Im Imidazole
KOH Potassium hydroxide
M Molar concentration, (mol/L)
MCC Microcrystalline cellulose
MEA Membrane±electrode assembly
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MOF Metal±organic framework
MWCNT Multi-walled carbon nanotube
NH2 Amino group
NH4SCN Ammonium thiocyanate
OH Hydroxyl group
OPA Ortho-phosphoric acid
Pani Polyaniline
PCS Phosphorylated chitosan
PEG Poly(ethylene glycol)
PEM Proton exchange membrane
PEMFC Proton exchange membrane fuel cell
PEO Polyethylene oxide
PGO Phosphorylated graphene oxide
Ph-CA Phosphorylated cellulose acetate
PMA Phosphomolybdic acid
PO3H2 Phosphoric acid group
PTA Phosphotungstic acid
PVA Polyvinyl alcohol
PVDF Poly (vinylidene fluoride)
RDP Resorcinol bis(diphenyl phosphate)
RH Relative humidity
RT Room temperature
SA Sodium alginate
sChW Sulfonated chitin nanofibre
s-CS Sulfonated chitosan
SEM Scanning electron microscope
s-GO Sulfonated graphene oxide
SHS Sodium hydrogen sulphate
SiO2 Silicon oxide (silica)
SiWA Silicotungstic acid
SO3H Sulfonic acid group
SPEEK Sulfonated poly (ether ether ketone)
SVBS Sodium 4-vinylbenzenesulfonate
SWCNT Single-walled carbon nanotubes
TiO2 Titanium dioxide
ZrO2 Zirconium dioxide
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