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Abstract: Polymer electrolyte membrane (PEM) fuel cells are electrochemical devices that can
transform the chemical energy stored in fuel directly into electrical energy, Commercialization of
PEM fuel cells has progressed significantly in recent years. One of the primary obstacles preventing
polymer electrolyte membrane fuel cells (PEMFCs) from being a commercially viable product is their
durability. To offset insufficient fuel cell durability, it is critical to understand their degradation
phenomena and study the degradation mechanisms of its components. This will allow novel
component materials to be produced and novel viable designs to be achieved. The various causes of
degradation in important cell components, such as membranes, gas diffusion layers, and catalyst
layers were reviewed, which included accelerated stress test (AST) analysis. Thermodynamic and
kinetic factors linked to fuel cell operation are discussed along with a discussion of reactions that may
be involved in catalyst deterioration. The use of water collectors in PEMFCs mitigates the challenge
of cathodic flooding in PEMFCs. Optimization of PEMFCs efficiency can also be achieved by
introducing platinum, iron, and nickel deposition as support catalyst as well as by reduction in fuel
cell ripples. Zirconated-based proton conducting materials show prospects as an alternative for
Nafion due to its stability at high temperatures.

Keywords: Polymer Electrolyte Membrane; Fuel Cells; Catalyst Layer; Mechanical; Chemical;
Stability; Nafion; Proton Conductivity; Degradation; Bipolar Plates; Diffusion; Another and Cathode

1. Introduction

The need to combat climate change is the driving force behind scientists looking for greener
forms of energy generation. One area that has been explored significantly in recent years is Fuel cell
technologies. This is because fuel cells satisfy all the criteria for a long-term sustainable energy
generation technology which includes efficiency in energy conversion, minimal gas emissions, high
voltage, and potential for cogeneration [1]. The materials used in fabricating Fuel cells are
environmentally friendly and can be manufactured without damage to the environment. Fuel cells
are basically electrochemical devices that convert the chemical energy in fuel directly to electrical
energy in a clean and efficient way [2]. Typically, fuel cells are classified based on the type of fuel
used, the conditions for operations, the type of electrolyte, and the application for which they are
designed [3]. Table 1 shows various types of fuel cells as well as their advantages and disadvantages.

Table 1. Showing types of fuel cells, their advantages and disadvantages [3].

Types of Fuel Cell Advantages Disadvantages
*  Operates as water electrolyser +  Has a relatively low
. and as a fuel cell. efficiency.
Reversible Fuel cell _ . .
Possesses a high storage capacity.  Not cost effective by
Possesses high specific energy. comparison.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Molten Carbonate Fuel Cell

Has high efficiency.

Does not require precious metal
catalyst (Cost efficient).

Ability to function with COzas
oxidant.

Prone to corrosion at high
temperature.

Managing molten
carbonate is challenging.

Proton Exchange Membrane-

Fuel Cell

High-volume commercialization

potential.

Highly efficient.

Operates between 40 °C — 80 °C.
Swift start-up.

Dynamic response.

Slow kinetics of oxygen
reduction.

Poisoning from carbon
monoxide.

Poor management of heat
and water.

Catalysts are expensive.

Direct methanol fuel cell

Fast start-up.

Energy density is high.

Fuel can be generated from waste
materials.

Catalyst is expensive.
Susceptible to cathode
poisoning resulting from
fuel crossover.

Reversible Fuel cell

High specific energy.
Capacity to store energy.
Operates as water electrolyser
and as a fuel cell

Efficiency is relatively
low.
Not cost effective.

Direct ammonia fuel cell

Runs at low temperatures.
It is cost efficient.

Low cost electrocatalyst and
electrolytes.

Efficiency of power
density and cell is low.
Potential ammonia
crossover risk.

Operates between 27 °C — 70 °C.
Start-up is quick.

Intolerance to carbon

Alkaline fuel cell . ..
Low cost of production. dioxide.
Oxygen kinetics reduction is fast.
. . Instability in current
Applicable in wastewater Y
generation.
management. Production materials are
Microbial Fuel Cells Suitable for use as a biosensor. .
expensive.

Can convert wastewater to
electricity.

Internal resistance is high.
Low power density.

Phosphoric acid fuel cell

Highly tolerance to carbon
monoxide poisoning.
Efficient heat management.
Pt catalyst demand is
comparatively low.

Cost of Pt catalyst is high.
Start-up is slow.
Ionic conductivity is low.

Direct Propane Fuel Cell

The cost of production is low.
Infrastructure is simple.
Power density is relatively high.

COz is generated as
byproduct.

Sharma et al. [4] categorized fuel cells based on the electrolyte membrane that they possess.

These five categories of fuel cells are: Alkaline fuel cells (AFCs), Polymer electrolyte membrane fuel
cells (PEMFCs), Molten carbonate fuel cells (MFCs), Solid oxide fuel cells (SOFCs) and Phosphoric
acid fuel cells (PAFCs) [4]. Figure 1 shows the various fuels cells and their relationship in respect to

operating temperatures, material cost, efficiency and fabrication cost.


https://doi.org/10.20944/preprints202501.0194.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 January 2025 d0i:10.20944/preprints202501.0194.v1

3 of 23

Depleted . P e e 4
@ H;0 Depleted
Fuels - y r.-\_‘] > . a 0,
SOFC oy | €5 «—o
800-1000 *C

| Cor' H;0 i, ."KI:G), h Co, -
MCFC Mo & € Co; PPN S
600-650 °C —— ‘- £
" ' PA H:0 2 B
H PAFC Hs > o > — H B
1B 80-160 °C Y 2l 3
E F 4 g 5
. B PEMFC " > B — H I
20-80 °C P € ° S
E
AFEC H;0 K g
OH %
20-80°C N, —— o @
|, — OH :
Fuels *— 6— 0,
Electrolyte
Anode ¥ Cathode

Figure 1. Various fuel cells and their relative trends in materials costs, design complexity/fabrication costs,

efficiency, and operating temperature [5].

Wang et al. [6], were able to comply the major features of various fuel cells and their production
status at 2019, and it shown in Table 2 below.

Table 2. Illustrates the primary characteristics and manufacturing status of each type of fuel cell as of 2019 [6].

PEMEFCs AFCs SOFCs MCEFCs PAFCS
Electrolyte Polymetric Potassn.lm Ceramics Molten Phosphorlc
membrane hydroxide carbonate acid
Charge Carrier H+ OH- O COs> H*
i
Operating 40 -120°C 50-200°C  500-1000°C  600-700°C 150220 °C
temperature
Electrical
_7 00 7 O0 OO 00 4 0O
efficiency Up to 60-72% Up to 70% Up to 65% Up to 60% Up to 45%
PHPI:;II;Y el Hs /methanol Cracked Biogas/methane/ Biogas/metha H:/ reformed
. a.ry 2/me ° ammonia/ Hz H> ne/ Hz H>
applications
S hlptggi‘; asof 3o MW 0 MW 10627 MW 102MW 781 MW

2. Polymer Electrolyte Membrane Fuel Cells (PEMFCs)

Polymer Electrolyte Membrane (PEM) is a thin layer of polymer in the Fuel cell between the
anode and the cathode that conducts protons from the anodic plate to the cathodic plate while
preventing the transportation of electrons from the anode plate and oxygen from the cathodic plate.
PEM fuel cells makes use of polymer electrolyte membrane in conducting protons as well as
separation of the gaseous reactant at the anodic and cathodic chambers [7]. It typically has a thickness
of about 10 -100pm and has a byproduct of water and heat [8]. PEMFCs usually requires quite
expensive electrocatalyst in order to speed up electrochemical reactions at low temperatures.
PEMECs are notable for having high power densities, easy to scale up and operating at low a
temperature. These features make them suitable in replacing internal combustion engines in vehicles
[9]. Typically, PEMFCs operating in temperatures less than 80 °C have proven to have high power
output [5]. However, one of the major challenges in the commercialization of PEMFCs is the storage
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and distribution of pure Hz. Use of alcohol fuels in PEMFCs is often hampered by low catalytic
activity at low temperatures [5]. On-board reformers have been proposed for hydrogen generation
for PEMEFCs, this approach also has the challenge of COz and CO generation. The produced CO has
a strong the potential to poison the anode catalyst [10].

POLYMER ELECTROLYTE MEMBRANE FUEL CELL
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Figure 2. A schematic of PEMFC [11].

In comparison to other fuel cells, PEMFCs have gotten a lot of attention because of its good start-
up characteristics, high power densities and high gravimetric/volumetric power density [12].

The PEM is situated between the catalyst layers of the anode and cathode. It has two primary
functions which are: Separation of reactant gases of the anode and cathode as well as electrons, and
the conduction of protons from the anode to the cathode catalyst layers. As a result of this, it is
imperative that the PEM must be impermeable to gases and also insulated to electricity [13].
Furthermore, the membrane material must be chemically and mechanically stable to endure the
conditions at with PEMFCs operates [14].
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Figure 3. An assembly of PEMFC [15].

There are mathematical models that govern conservation of mass, momentum, species, charge
energy and water transportation in PEMFC membrane [15].
Governing equation for conservation of mass [15]:

0 —
3+ V(e V) =Sn(D) (M

Where V is the differential operator, p is density, v is the fluid velocity and S, is mass source
that is added to the continuous phase.
Governing equation for conservation of Momentum [15]:

5O+ V.(pTV) = ~Vp+VE) + pE+ Smom® @

Where p is pressure, pg represents force of gravitation on the body, % is stress sensor and Spom
is the term representing the momentum source for porous media [15].
Governing equations for Stress sensor [15]:

t=p|@v+7e") - rw1]o) 3)

Where [ is the unit tensor and u is molecular viscosity. The volume dilation is given by the
second term in the equation [15].
Governing equations for Species Transport [15]:

9 -
2 PY)+ V.(pU'Y) = =V.DiepVY; + Sp(4) “4)

Where D; s is effective diffusivity of species and Y; is local mass fraction of species.
Governing equations for Electric Potential [15]:

V.(a V) +S = 0(5) (5)

Where o is electric conductivity, S is a source term and i represents electric potential.
Governing equations for Energy [15]:

2P E)+7.(p CUT) = V. (kerfVT) +S,(6) (6)

Where kg is effective thermal conductivity and C,, specific heat capacity. The energy transfer
due to conduction is given by the first term of the equation.
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Due to electrochemical reactions, the dissolved water content (A) and volumetric source terms
(Sim) for Hz2 and Oz in triple-phase boundaries (catalyst layers) is given as:

M

Su, = — = Ran < 0(7) (7
My,

Sop = — 2R 4 < 0(8) ()

Sy = —MLOR ., > 0(10) 9)

Where F is faraday’s constant and M,,y,0, My0, My, are the molecular mass of water, oxygen
and hydrogen.

PEMFC model for mass transfer and water transport can be described in the dissolved and liquid
phases.

The dissolved phase equation is given as [15]:

2 (eiMu o) + 7. (Q%Mw) = V.(M,DLVA) + S; + Syq + Sia(11)  (10)

Where 1 is water content, D!, is diffusion coefficient of water, ¢; is porosity of media, 1, is
ionic density, S is water generation rate in catalyst layer resulting for cathodic reaction, S, is rate
of change in mass between the dissolved and gas phases and S;4 is the rate of change in mass
between the liquid and dissolved phases.

For liquid phase, the equation is given as [15]:

a KK,
= (eps) = V. (B Up, +p) + S = Sia(12) (11)

Where p,; is density of liquid, y; is dynamic liquid viscosity, K is abosulte permeabily and K,
is relative permeability. S, is the rate of mass change between liquid and gas. The rate of transfer
between liquid and gas phases can be obtained using calculations in unidirectional diffusion theory.

PEMFCs commonly use perfluorosulfonic acid (PFSA) as the PEM material. The primary chain
resembles Teflon and is extremely hydrophobic. The sulfonic acid group, being a side chain end
group, is very hydrophilic, allowing water adsorption for proton conduction. As a result, membrane
hydration is critical and must be optimized to ensure that enough water is present for conduction of
protons through it while preventing flooding of the catalyst and gas diffusion layers [16]. It is also
important to note that the length of the side chain greatly influences the stability as well as the
performance of the polymer electrolyte membrane [17].

There are two major types of PESA membranes for application in PEMFCs and they are long
side chain membranes and short side chain membranes. The main difference between both types are
the side chain structural arrangement and the number of units of CFz present [17].

PFSA membrane has some setbacks which includes the following: Due to conductivity of
protons occurring at fully hydrated state of PEM, humidification od the reactant gases is inevitable
and this complicates the system design as well as increase the cost of production. Shrinking and
swelling resulting from cyclic changes of PEMFCs hydration can cause the structure to fail. Addition
of fillers to mitigate this challenge leads to an increase in production cost. Its mechanical integrity can
be compromised due to attack from cations in metals which causes decomposition of the polymer
chain and this shut fall also affects its proton conductivity efficiency [30].

Catalyst layers: The catalyst layers (CLs) is the part of the fuel cell in which electrochemical
reactions take place. The catalyst layer provides conduit for diverse species of reactants which
include: proton transportation partway, conduit for electron transfer between the catalyst layer and
the current collector and permeable pores for supply of reactants and removal of water. The material
used in making a CL plays a major factor in the efficiency and durability of the fuel cell. The most
common CL materials are made up of ionomers, electrocatalyst, void space and carbon support [17].
The fundamental motivation in the development of PEMFCs has been the optimization of process
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involved in preparation of CL ink. Catalyst layers generally made using catalyst ink dispersion which
comprises of an ionomer, a dispersing solvent and a catalyst deposited on a support such as Pt/C [18].
It is also important to note that the properties of the catalyst and the microstructure’s heterogeneity
on the structure play a significant role the quality of the catalyst layers. The nature of the dispersion
medium, which governs ink properties such as aggregation size of the ionomer molecules, rate of
solidification, its physical and mass transport properties and viscosity are critical components of
catalyst layers that need further research. The approach in which the ink is deposited influences the
choice of dispersion media. Screen printing and roll-to-roll coating, for example, necessitate viscous
inks with high solids content (>5% wt%) and high additives with high boiling points, whereas spray
coating necessitates lower solids content (2% wt%) and faster evaporating alcoholic- or water-based
solvents [19]. According to Ott et al. [20], It is extremely desirable to reduce the Pt concentration in
the cathode of proton exchange membrane fuel cells in order to reduce their costs. Lowering the Pt
loading of the cathodic electrode, on the other hand, results in significant voltage losses. The mass
transport resistance of O: through the platinum—-ionomer interface, the placement of the Pt particle
with regard to the carbon support, and the structure of the supports are all known to cause voltage
losses. Ott et al. [20] used N-modified ketjenblack carbon powder (N-KB) to develop a new Pt
catalyst/support design that caused a reduction in local oxygen-related mass transport resistance
significantly. The Columbic interaction between the ionomer and N groups on the carbon support
ensures an astounding uniform coverage of the ionomer over the high surface-area carbon supports
(N-KB 600°C), particularly under dry operating conditions, ensuring homogeneous ionomer
distribution and replicability during the ink manufacturing process as depicted in Figure 1 [20].

The gradient distribution law of Pt loading, hydrophilicity/hydrophobicity and ionomers in the
catalyst layer as well as the design and fabrication procedures of an ordered electrode based on a
nanoarray structure was researched and discussed [21]. They insinuated that the GDL/CL interface
gap causes liquid water to pool in the interfacial void space, reducing contact area. They emphasized
on the necessity of a catalyst layer bulk structure and interlayer structure combination design
technique. Li et al. [22] used accelerated stress test (AST) to simulate and investigate cathode catalyst
layer (CCL) a startup-shutdown state, and an NDIR analyzer was used to capture real-time CO:
evolution. The rate of CO: evolution during the AST confirmed the carbon corrosion behavior. The
polarization and CV curves revealed a decline in electrochemical performance. It was also revealed
that the performance drop caused by the increase in ohmic resistance was more pronounced at higher
current densities than at lower current densities. Due to the production of passivating oxides on the
carbon support, severe deterioration of CCL was seen during the first 5 k cycles, followed by a slower
degradation thereafter. The reduction of CCL thickness and porosity, as seen in Figure 3 of [22],
resulted in resulting in poor mass transmission and PEMFC performance reduction.

Alabi et al. [3] summarized the various types of catalyst and recent work done to improve their
efficiencies.

Table 3. Catalyst types, its advantages, disadvantages and research progress [3].

Catalyst Type Advantage Disadvantages Recent Progress and Ongoing
Research for Improvement
Particle size reduction for Pt-
based catalyst to enhance
dispersion in the carbon
support ensuring an increased
Platinum- -  Efficientin ORR -  High Cost. surface area for active sites.
based catalyst kinetics. - Poor durability. -+  Production of Pt-based catalyst
with orientation in specific
directions for particle surface.
Dispensation of Pt into
transition metals and modified
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Platinum free .

Catalyst

Alloy-Based -

electrocatalyst

Single atom -

catalyst

Metal free
catalyst

Cost efficient.
Very durable.
Availability and
easy recovery
from nature.
Excellent catalyst
performance.

Improved ORR
kinetics.
Improved
efficiency when
compared to Pt-
based catalyst.

Outstanding
intrinsic activity.
Large surface area._
High electrical
conductivity.
Extra-ordinary
catalyst
performance

Excellent
durability.
Large specific
surface area.
Good electrical
conductivity.
Excellent ORR
activity.

Kinetics and mass -

transport
drawbacks.

Susceptible to
formic acid
electrooxidation
poisoning.
Dissolution in
strong working

acidic electrolytes -

leading to
compromise of
integrity.

Low stability.
High cost.
Technology not

suitable for large-

scale production.

Unclear
understanding of
the doping effect
of catalyst.
Unclear
understanding of
structural
diversity in terms
of molecular
structure of active
sites.

carbon support to produced
alloys with improved catalyst
properties.

Synthesis of non-precious
metals using hydrothermal
strategy.

Pt-Co bimetallic nanoparticle
development doped with
Nitrogen.

Ternary platinum-based catalyst
development.

High-entropy alloy-based
composites and high- entropy
alloy catalyst development.

Synthesis of two-dimensional
conjugated single atom catalyst
using cobalt and iron anchored
on phthalocyanine macrocycles.
Development of Single atom
copper catalyst anchored on
graphite foam doped with
nitrogen and Sulphur.
Synthesis of transition metal
doped with carbonaceous
materials using pyrolysis.
Synthesis of nitrogen doped
carbon embedded single cerium
atom.

Synthesis of heteroatom-doped
advanced carbon based
electrocatalyst.

Gas Diffusion and Microporous layers: Between the bipolar plate (BP) and the CL of a PEMFC
are gas diffusion layers (GDL) and microporous layers (MPL), collectively known as diffusion media

(DM) [23]. The main functions of GDLs and MPLs is its provision of mechanical support for MEAs,

a conduit supply of reactants, removal of products, and lastly an electron conduction conduit

between CLs and Bipolar plates [24]. According to Niblett et al. [25], the water cluster configuration

can be considerably influenced by the microstructure of the gas diffusion layer, with carbon paper

reconstruction enabling water to diffuse mainly in the in-plane direction. This is connected to the
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percolation-controlled process, in which water branches to choose the path with the lowest entry
capillary pressure. It's important to note that both GDLs and MPLs are porous materials [26].
Previous studies have focused on microporous improvements, regulating hydrophobicity and
internal water transport processes [27]. MPL/CL contact is one of the several interfaces between the
fuel cell components that can induce losses ohms as well as mass transport [26].

Carbon paper is an option for production of GDLs on a commercial scale, carbon powder is also
an option for MPLs [28]. To promote water drainage and reduce electrode flooding, carbon paper
GDLs must be hydrophobic. For hydrophobicity treatment, polytetrafluoroethylene (PTFE) is
frequently applied to carbon paper. The structure of carbon paper GDLs is anisotropic [29].

Polytetrafluoroethylene (PTFE) is normally concentrated at the surface of the GDL at low
loading, and as the loading increases, it penetrates deeper into the GDL. Another observation is that
the PTFE binder structure has changed, displaying a web-like porous shape rather as being smooth
[8,29]. The GDL pores will be blocked by a large PTFE loading, which will impede mass movement
[30]. The particle size distribution (PSD) is influenced by the PTFE loading, and the overall pore
volume is reduced. No PSD change was found at a pore radius of <3um, indicating that PTFE does
not permeate pores in this size range. Pores with a diameter > 5um were found to be the most affected,
with a considerable reduction in volume as the PTFE loading increased from 5% to 20% [5]. As a
result, the hydrophobicity and pore space of the GDL must be balanced for removal of liquids as well
as the supply of gaseous reactant, accordingly. MPL is frequently used to improve the physical
contact between the GDL and the CL. Its pore size is typically between that of GDLs and CLs, and it
has been found to increase fuel cell efficiency in some cases due to better water management in the
cathode [30]. Both GDLs and MPLs can benefit from machine learning and Al to improve their
physical dimensions, pore sizes, permeabilities [2]. Niu et al. [32] carried out a three-dimensional
numerical analysis of water removal in a lotus-like PEMFC flow channel to improve the drag
reduction performance of the proton exchange membrane fuel cell. They concluded that
microstructure shape parameters are capable of influencing effective water removal from the channel
wall surface through the lotus-like channel.

Gas Flow Channel (GFC) and Bipolar plate (BP): Collection of Electricity, distribution of
gaseous reactants, water and heat removals are all parts of the function of BPs. These functions are
carried out through their installed GFC networks. In addition to these functions, BP materials must
be resistant to corrosion in the FC environs [33]. Carbon composites and metals with adequate
protective coatings, such as aluminum, titanium and stainless steel, have been investigated as viable
BP materials in commercial PEM fuel cells [34]. Metal BPs provide a number of advantages, including
minimized gas permeability, strong electric and thermal conductivities. In the acidic environment of
fuel cells, resistance to corrosion is a serious issue. To protect metal substrates against corrosion, a
suitable coating must be applied. Metallic nitrides, carbon, and composite coatings are common
coating materials for aluminum [35]. A graphene-Ni layer, nitrides, and chromium carbide have all
been examined as potential coating materials for stainless steels. Pure titanium has a stronger
corrosion resistance than stainless steel, in a fuel cell environment, but there is the possibility that
pure titanium may develop an oxide coating on its surface which can be a challenge [34]. In the
development of metal BPs, mold surface defect prevention is a vital issue to address [36]. Zhu et al.
[37] carried out an investigation of dynamic behavior if liquid water originating from GDL pores in
gas flow channel of PEMFC using Volume of Fluid. They concluded that the interactions of a water
droplet released onto the hydrophobic surface (GDL) of a fuel cell channel combined with air flow,
results in a complicated process of droplet growth, distortion, wall attachment, breakage, recoil, and
ultimately film creation. They also noted that in microchannels, the coalescence of two water droplets
promotes deformation and water transportation and a decrease in pore width reduces the critical air
velocity for the same starting droplet size.

Two Phase Flow: Two-phase flow, which is caused by the oxygen reduction reaction (ORR)
producing water, is a common occurrence in PEMFCs, with the two phases referring reactant gasses
as well as liquid water [38]. Excess liquid water will obstruct the supply of reactants to the reaction
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sites, thereby increasing concentration polarization. Two-phase flow, which is caused by the ORR
producing water, is a common occurrence in PEMFCs, with the two phases referring reactant gasses
as well as liquid water. Excess liquid water will obstruct the supply of reactants to the reaction sites,
thereby increasing concentration polarization. his leads to local reactant starvation, material
degradation, decrease in efficiency, and operation stability, and local reactant starvation that induces
material degradation [40]. The flow of water is through porous components of PEMFCs is primarily
driven by capillary pressure (Pc), which can be defined the difference in pressure between the liquid
and gas phases [6].

The pressure difference between the liquid and gas phases is defined as: The Leverett J-function,
which represents the Pccorrelation as a function of liquid saturation(s) as well as parameters such as
P; (gas phase pressure), P1 (pressure of liquid phase), surface tension(o), porosity (6c), contact angle
(6¢), and permeability (K) [6].

&5 (12
Fy =P = F. = ocos(8¢c) (*)J(s) (13) )

Where o represents surface tension [6].

One other important mechanism for liquid water transport is vapor-phase diffusion and phase
change. The driving mechanism for liquid water transport temperature gradients and is known as
the heat pipe effect. The diffusive flux for vapor is expressed a [6]s

(13
)

Where Cv is water concentration, T is temperature, P is pressure, D, welTis effective diffusivity

Dy (T, PYVCY = D™/ (T, PYV Coqe (T) = Dy /7 (T, P) 22 VT (14)

coefficient for water vapor.

This flux can be as high as 40% of the ORR's water output rate in a fuel cell [40]. PEM fuel cells
need to be developed further not only in terms of cost, but also in terms of durability. The voltage
loss per hour under a fixed current, which is directly related to fuel cell material degradation, is
commonly used to determine durability [41]. Electrochemical/chemical degradation is primarily
caused by catalyst dissolution or ripening, carbon oxidation, and radical or ionic species assault;
mechanical degradation is caused by cyclic compression, material expansion, or membrane crack
formation [42]. The loss of electrochemically active surface area (ECSA) is a standard metric for
assessing electrocatalyst activity deterioration due to catalytic ripening/instability and carbon
support corrosion [43]. Xing et al. [5] investigations on two phase flow patterns in gas channels, their
investigations revealed that two-phase flow is found to be characterized by semi-slug or slugs at low
surface air velocities which leads to substantial variations in pressure drop. While at higher air
velocities, hydrophilic channel walls form a water film.

Durability: PEM fuel cells must be developed further not only in terms of cost, but also in terms
of durability. Monitoring the rate of degradation is used in assessing the durability of Fuel cells.
Degradation is commonly linked to the, mechanical, chemical, electrochemical stabilities of the
various components, with emphasis on membrane electrode assembly (MEA) [44]. Degradation with
respect to electrochemical and chemical activities is caused by carbon oxidation, ionic species assault,
catalyst dissolution while mechanical degradation is caused by effects of mechanical stress and strain
on fuel cell membranes [45]. Because PEMFC breakdown occurs over a long period of time, doing
experimental research is quite expensive. The main causes of membranes losing structural integrity
are cyclic hydration/dehydration and fuel cell compression over time [46]. Crossover of reactant
gasses occurs when pinholes are formed which is often a result of the swelling and shrinking of cyclic
membrane [47]. Chemical stress can diminish proton conductivity and membrane thickness, allowing
reactant gas crossover. Attacking species that destroy the membrane structure are frequently
responsible for chemical degradation [27]. Carboxylic acid as well as other end groups containing
hydrogen can form as result of a chemical reaction or membrane polymerization, they are usually
prone to assault [48,49]. As a result, free radical attack on reactive end groups might lead to
degradation. Membrane unzipping/conductivity loss occurs as a result of these attacks [50].
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Furthermore, because the sulfonic sites have a higher affinity for foreign cations than H*, the presence
of cation impurities may impair proton conductivity [51]. The principal failure mode for fuel cell
designs is thought to be the degradation of carbon supported platinum cathode catalysts [41]. Particle
sintering of platinum, dissolution of platinum, and carbon support corrosion have all been
hypothesized as mechanisms that contribute to cathode catalyst degradation [52]. Dissolution of Pt
according to Yu et al. [28], is minimal when the potential is low or high but very significant at
intermediate potentials. Ikuma and Shyam [53] investigations of durability of PEMPC catalyst in
liquid electrolytes using a voltage cyclic procedure showed that Pt's durability in sulfuric acid is to
be lower than in perchloric acid, i.e., Pt is more easily dissolved when sulfate ions are present.
Durability was shown to increase in the order as follows: H2SO4> HsPO4 > HCIOa.

PEMEC catalyst layers polyelectrolyte: Although the amount of polyelectrolyte used in catalyst
layers is less than that used in membranes, it is nevertheless significant because it is influences
performances of electrode, platinum consumption, as well as MEA durability [54]. Nafion ionomers
are used as a binder [51]. They are also employed in proton conducting electrolyte in to broaden
boundary formation of electrochemical triple-phase. This is crucial for achieving a good Pt usage
which results in a high MEA performance [55]. The movement of electrons, protons as well as
reactants in a catalyst layer is depicted in Figure 4.

O, or H, fr MeOH

Platinum

Figure 4. Shows movement of electrons, protons and reactants in a catalyst layer [50].

It can be observed from Figure 4 that the reactants must move through the electrolyte (which
conducts protons) so as to arrive at the reaction site where it participates in reactions at the electrode
[50]. It is imperative that catalyst layer electrolyte is permeable for reactants so as to ensure there is
no impedance in reactant transport [56]. The polyelectrolyte employed in membranes require little
or no reactant permeability which shows it completely different from that used in catalyst layer [57].

Another challenge encountered is the formation of water at the electrodes, which comprises of
mostly aromatic hydrocarbon which are more hydrophilic in comparison to Nafion [58]. Water
formed at the electrode inhibits the transportation of reactants such as oxidant and fuel [59].

Oxygen reduction to water occurs at the cathodic catalyst layer through an electrochemical
reduction process [60]. H20:zis also formed as a byproduct in the reaction. This has been proven on
Pt catalyst (Pt/C) [61]. The production of H20: increases as the agglomerations of Pt/C decreases [61].


https://doi.org/10.20944/preprints202501.0194.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 January 2025 d0i:10.20944/preprints202501.0194.v1

12 of 23

Even while there is still a debate over the production sites of H2O2 and how exactly the mechanism
behind H20: attacks of polyelectrolyte works, it is generally understood that H20: is destructive to
catalyst layers and negatively impacts on its durability [61]. While membrane polyelectrolyte is
located a little farther from ORR reaction sites, catalyst layer polyelectrolyte is directly in contact with
ORR reaction sites and H202 concentrations is usually higher compared to membrane [63].

Due to the challenges presented by H20: formation. Catalyst layer polyelectrolyte must be more
stable chemically as opposed to the polyelectrolyte of membrane [64]. Chemical stability evaluation
is done using the Fenton’s reagent test [65], which involves immersing the polymer in heated 3%
H:0:/1ppm Fe (II) solution to assess its chemical stability. It is also used to screen potential polymer
membrane substitute technologies [66].

Protons in PEMFC usually transport in a vertical trajectory to the surface plane of the membrane
[67]. Anisotropic transportation of protons, where the protons conductivity along the membrane’s
plane is stronger is advantageous for polymer membrane [68]. However, this is not the same for
catalyst layer, where proton movement is more asymmetric [69]. The dimensional and mechanical
stability of polymer membranes is extremely important [70], this might not be the case for catalyst
layer polyelectrolyte. In a nut shell, the polyelectrolyte needed for PEMFCs catalyst layers and
membrane are vastly different [76]. As a result, it may be concluded that different polyelectrolytes
should be used or recommended depending on its catalyst layer or embrace for PEMFCs [71].
Owning to the nonadsorbing behavior of the sulfonic acid anions on the surface of Pt catalyst, it is
observed that metal catalyst for reduction of oxygen is higher in Nafion electrolytes [72]. The rates of
oxygen reduction in the Nafion system are also faster compared to other polymers having a sulfonic
acid group [72]. Mitigation of H>O: formation is greatly influenced by fluorination of Nafion
backbone [74]. Nafion also a high level of chemical stability in a Fenton’s reagent test [75]. The high
cost of Nafion impacts on the overall PEMFCs cost [76]. Hence, Nafion is considered as a next
generation polyelectrolyte choice for catalyst layer. Nafions do not perform well as a membrane
electrolyte [76]. Researches are been carried out to find alternative polymer electrolyte for membranes
[77].

Unique alternative ionomers in the catalyst layer can pose numerous issues in MEA design, like
cathode flooding and mass transport inhibitions in the catalyst layer [77]. The use of diverse
polyelectrolytes in the catalyst layer and membrane creates a material compatibility issue [66].

3. Discussions

Flooding in PEMFC and Efficiency of Fuel Cell

One of the most important factors for the effective and stable operation of proton exchange
membrane fuel cells is water management (PEMFCs) [78]. At high operation current densities, water
flooding is a common occurrence, particularly downstream of the flow channel where the produced
water should discharge [79]. Achieving proper membrane hydration and preventing flooding in the
catalyst and gas diffusion layers should be the goals of effective water management. Flooding will
result in safety concerns due to of the cell reversal, in addition to performance resulting from the
restricted reactant supply [80]. Multi-phase models were created to explore liquid/gas transport in
porous GDL and flow channels in recent years as liquid water transport emerged as one of the main
challenges in fuel cell modeling [81].

There are three potential sources of water transport in the cathode of a PEMFC: the reactant
gases (oxygen), electrochemical reaction at the catalyst layer, and net water transport through the
membrane [82]. Protons traveling through the electrolyte under the impact of electro-osmotic drag
cause water to move from the anode to the cathode during operation [82]. Water concentration on
the cathodic section is generally higher than that of the anodic section because water is created in the
electrochemical reaction at the cathode [84]. The increased in gradient of water concentration in the
membrane causes a back diffusion of water from cathode to anode to occur [85]. The early models
assumed that water was in a gaseous state, which is not true for operations involving high current
densities or significant humidification [86]. There have been some indications of flooding in the
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catalytic layer. No experimental evidence supported the assumption that the liquid and gas phases
were continuous in these two-phase flow models [87].

Most of the current models fall under the continuum method, where average porous media
properties like porosity, pore diameter and permeability have been used in the assumed homogenous
diffusion layer [26]. Wang et al. [87] classified two-phase flow and transport modeling into two
distinct approaches: pore-scale method and continuum method. However, the diffusivity of liquid
water and gas varies significantly for various pore characterizations. Understanding of the transport
processes in fuel cells may be improved by using the pore-scale technique for liquid transport
modeling. The performance of PEMFCs is directly impacted by the challenging and significant
problem of water management [88]. A lack of water would cause the membrane to hydrate, which
would lower proton conductivity [88]. In the meantime, too much water would cause flooding in the
catalyst layer, the gas diffusion layer, and even the flow channel, impeding the transport of the
reactants [54]. There are numerous initiatives to enhance water management in PEMFC, including
bipolar plate improvements, porous media of the catalyst layer or gas diffusion layer, and the control
system [89]. The main problem with water management in the operation process is striking a balance
between dehydration and flooding. Flooding may cause PEMFC performance, safe operation, and
longevity to suffer [56]. Numerous academic works have documented the presence of flooding in
PEMECs. Soft X-ray radiography was created by Sasabe et al. [89] to view the movement of liquid
water inside a PEMFC. The findings revealed that the area under the ribs had more liquid water than
the area beneath the channels. In a transparent PEMFC, liquid water was examined by Zhan et al.
[91] using a high-speed camera. They discovered that if the velocity of the gas wasn't sufficient, the
liquid water would stick to the channel walls.

Fuel cells generate both heat and current. A fuel cell's thermal and water management is the
consequence of a number of coupled processes, which includes the flow of gas and fluid as well as
mass/heat transfer, that happens inside the fuel cell [92]. Severe mass transportation limits may result
from inadequate thermal and water management. The PEM fuel cell cathode is the limiting
component of a PEM and this is because of the slower oxygen reduction kinetics and mass transfer
contains imposed by liquid water that is both produced by the electrochemical reaction and carried
to the cathode by the electro-osmotic drag [93].

Nafion

Nafion is generally regarded as a benchmark polymer, hence any novel materials must be
evaluated against it [109]. Corti et al. [110] used differential scanning calorimetry (DSC), to investigate
the low temperature thermal behavior of Nafion 117 membranes with various water contents and
equilibrated with water-methanol mixtures of various concentrations was investigated (DSC). They
observed that DSC analysis of the low-temperature transition of nafion thermal relaxation was
consistent with previous knowledge of mechanical relaxations. Also, a glass transition was the reason
for the thermal transition that was seen in the dry Nafion (acid form) samples at -108 °C.  when the
relative humidity to which the samples were subjected was increased, there was a minor plasticizing
effect of water on the Nafion membrane, although it is not as significant as that seen with biopolymers
and the thermal transition shifted to a lower temperature. Lastly, methanol presence increased the
amount of freezable water, which was most likely due to the due to the supercooling of methanol
after cooling, that might have led to the replacement of water with methanol in the solvation of ionic
groups on the matrix. Chugh et al. [111] examined 30 cells of low-temperature PEM fuel stack using
Nafion®-212 membranes using MATLAB. The study concluded that an increase in temperature from
50°C to 80°C caused a corresponding increase in stack voltage by 25%, this was because the ohmic
resistance and activation potential was considerably lower. However, any increase in the operating
temperature beyond 80°C resulted in membrane degradation and hydration. Okonkwo et al. [61]
suggested that at low temperatures for Fuel cells, the main mechanisms for chemical degradations of
Nafion are main chain unzipping and side-chain scissions.
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High Temperature PEMFCs

High temperature proton exchange membrane fuel (HT-PEMFC) cells operate above 100°C and
as such have a wide range of applications due to their compatibility to environments and high
efficiency [114]. Due to their high tolerance level to poisoning from feed gases, HT-PEMFCs have a
competitive advantage over conventional PEMFCs [116]. HT-PEMFCs do not require water
management systems as they do not accumulate water at high temperatures. However, there are
several challenges such as lack of models in comparison to conventional PEMFCs [115]. It is also
noteworthy to state that properties and behaviors of fuel cells in in-situ environments that cannot be
measured may differ significantly from measured ex-situ properties carried out in ideal environment
[115]. The use of heteropolyacid (HPA) as an additive to improve PEMFCs and make them suitable
for high temperature conditions is an area receiving lots of focus in present day research [123]. The
thermal stability and ability of HPAs such as phosphomolybdic acid (PMA), silicotungstic acid
(SWA), phosphotungstic acid (PWA), etc, to form a variety of different structures through the
additions of other elements, makes them suitable for membrane application in high-temperature
environment [117]. HPA can be employed as stand-alone catalyst, can be used as catalyst boosters,
and can be applied in improving ionic conductivity in membranes [117]. HPAs can be effectively
used as catalyst or acid depending on their structure.

Figure 5. A diagram depicting HPA variations of structure: yellow balls are oxygen atoms; brown balls are

addenda atoms and black balls are phosphorus atoms [117].
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4. Recommendation

Flooding in PEMFC

In order to maintain strong ionic conductivity, keep the membrane completely hydrated, and
improve PEMFC performance, efficient water management is required. By blocking the pores in the
gas diffusion layer and covering active sites in the catalyst layer, liquid water can stop reactant species
from moving [94]. Natarajan and Nguyen [95] developed a 3-D model to take into consideration the
variations in the oxygen level along the channel and its importance for the current density. The
magnetic particles would raise the limited current of the fuel cell by providing greater space for
oxygen gas, as stated by Wang et al. [96]. When magnetic particles were added to the catalyst layer
of a cathode to magnetized states, the cell's efficiency increased compared to non-magnetized states.

Newman and Fuller [97] developed a model for heat and water management. The model
included dimensions encompassing the channel and reactive interface. But they did not include the
diffusion layer. Dutta et al. [98] created a complete three-dimensional model that included the
electrode width, a dimension parallel to the reactive surface. They included the whole fuel cell in
their model, with the cathode and anode sides' conventional gas distributors accounted for. But the
water management model did not include liquid water from the gas diffusion layer. For the cathode
side of PEM fuel cells, Jamekhorshid et al. [97] proposed two-dimensional pore-scale and volume-
effective approaches based on electrochemical equations and conservation laws. Two-dimensional
pore-scale and volume-effective approaches are proposed for the cathode side of PEM fuel cells,
based on electrochemical equations and conservation laws. The results of this model show a clear
correlation between increasing average current density and cathode inlet humidity, but the system
also becomes more susceptible to flooding. The relative humidity at the anode inlet exhibits a
comparable effect. Additionally, they noticed that running the cell at a higher temperature will lead
to higher average current densities, which lessens the chance of the system overflowing. Higher
cathode stoichiometries inhibits flooding of the system [99]. A higher anode stoichiometry leads to a
higher average current density and increased sensitivity to cathode flooding [89]. A cathode catalyst
layer was created by Li et al. [53] for water management. They achieved this by enhancing the water
balance and oxygen transport in the cathode by adding hydrophobic dimethyl silicone oil and oxygen
(DSO) to a catalyst layer. The results showed that PEMFCs using DSO cathodes outperformed those
using regular cathodes. The greatest power density of a PEMFC with a DSO-containing cathode was
356 mWcm-2, compared to 144 mWem-2 for a conventional cathode. The results of their experiment
suggested that the enhanced hydrophobicity of the cathode catalyst layer, which aids in the removal
of water from catalyst layer gaps, may be responsible for the notable improvement in fuel cell
efficiency with the DSO loaded cathode. In a study, Santarelli et al. [100] examined the effects of air
cathode stoichiometry on the amount of power produced in a PEMFC stack. They came to the
following conclusions: (1) the air stoichiometry has an increasingly obvious effect at high current; (2)
the heat generated by irreversibility raises the cathode flow outlet temperature, which improves
water transportation; and (3) air stoichiometry below 2 should be avoided. Fabian et al [101], studies
on passive water management at the cathode using galvanostatic measurements showed that
flooding in an air-breathing cathode can result in either significant flooding or a partially flooded
surface, which could affect the cell potential and the corresponding fuel cell energy conversion
efficiency. They installed a water collector, which conducts electricity between the cathode surface
and the current collector, to help resolve this issue. The water collector was found to prevent cathode
flooding by dispersing and absorbing water throughout the cathode.

PEMFC Efficiency

Seo and Lee [105] investigated the effects of variation in operating conditions on the
phenomenon of methanol crossover and the efficiency of Direct methanol fuel cell. Electric power
and nitrogen gas were used to test the methanol crossover current. They concluded that raising the
operating temperature enhanced the fuel cell's performance by promoting active electrochemical
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processes. On the other hand, there were drawbacks such as significant concentration loss and
electro-osmotic drag within the system. The fuel cell's stack steady-state efficiency was examined by
Hou et al. [106]. In order to simulate the fuel cell stack's acceleration signals and depict the load
spectra, they conducted the experiment. The acceleration indications were represented by means of
car vibration test results from the past. They concluded that the fuel cell stack's steady-state
performance is significantly impacted by the enhanced road vibration and that this should not be
overlooked while doing research. On the other hand, there were drawbacks such as significant
concentration loss and electro-osmotic drag within the system. The fuel cell's stack steady-state
efficiency was examined by Hou et al. [106]. In order to simulate the fuel cell stack's acceleration
signals and depict the load spectra, they conducted the experiment. The acceleration indications were
represented by means of car vibration test results from the past. They concluded that the fuel cell
stack's steady-state performance is significantly impacted by the enhanced road vibration and that
this should not be overlooked while doing research. Modeling the fuel cell system, Zhao and Burke
[107] studied operating conditions in an effort to improve the system by changing the back pressure.
In contrast to fixed back pressure operation, they found that fuel cell systems with optimal changing
back pressure operation are able to maximize net system power and achieve superior system
efficiency over the complete operating range. A novel design for a two-phase interleaved DC/DC
boost converter-based proton exchange membrane fuel cell (PEMFC) was developed by Cao et al.
[102]. The study's objective was to lessen fuel cell ripples in order to increase PEMFC longevity. The
output voltage terminal was raised by a two-phase interleaved boost DC/DC converter. In addition,
they suggested a more effective algorithm for selecting the ideal linear quadratic regulator coefficient,
which was in line with an enhanced system.

Litkohi et al. [108] looked at the effects of adding catalytic composition of nickel, iron, and
platinum deposition as an electrocatalyst on functionalized carbon nanotubes (FCNTs). They found
that by utilizing the four-electron pathway, the oxygen reduction process (ORR) was accelerated
when FCNTs were used as the support catalyst in combination with hybrid platinum and transition
metals. This was caused by the alloys of CNTs and Pt-transition metal that had high crystallinity, low
defect density, and unique electrical conductivity. They concluded that Pt-Fe-Ni/CNT electrocatalyst
loaded on Teflonized carbon cloth is a promising combination for the catalyst layer in polymer fuel
cells in the future.

Nafion

A key problem with Nafion is its low mechanical instability at high temperatures [112], which is
why attention is now being drawn to zirconate-based materials as a possible substitute [113].
Materials based on zirconate have good proton conductivity and stability over a broad temperature
range. Their distinctive properties, including low thermal conductivity, low thermal expansion
coefficient, and low dielectric loss, have led to their current employment in the creation of hydrogen
censors [113]. These properties can be taken advantage of in PEMFCs to overcome challenges
associated with operating at high temperature. But in order to use zirconated materials for PEMFC
applications, problems like instability in a CO2 and water vapor generation must be resolved. It is
necessary to address issues with overpotential, material selection, doping concentrations, and
temperature dependence of performance [113].

High Temperature PEMFCs

Polybenzimidazole (PBI) has been studied extensively in PEMFC applications due to its stability
under high temperature conditions and commercial availability [123]. Studies conducted over the
past two decades have demonstrated outstanding thermo-chemical stability and excellent
conductivity when phosphoric acid is used as a dopant in PBI membranes [124]. For high temperature
PEMFC, membranes composed of PWA/PBI or SWA/PBI doped with phosphoric acid showed
superior conductivity to virgin PBI membranes [118]. Nguyen et al. [119] state that doping PBI
membranes with phosphoric acid above 1200C in a low-humidity environment results in high
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conductivity and mechanical stability of the materials. Zhai et al. [120] used a series of intermittent
life tests (100h, 300h, and 520h) for the phosphoric acid doped PBI (HsPOs/PBI) membrane of a single
proton membrane fuel cell to study the stability of Pt/C electrocatalyst. They concluded that the loss
of the PT/C cathode electrocatalyst's electrochemical surface area caused a considerable degradation
of the HsPO4/PBI high temperature PEMFC over its life test. Park et al.'s research [121] on the function
of binders in PEMFC electrodes at high temperatures concluded that the lifespan and performance
of the fuel cell were influenced by the binder characteristics in the catalytic layers of electrodes at
high temperatures. They demonstrated that simply changing the binders from
polytetrafluoroethylene to polyurethane may cause the voltage of the cell to vary from 0.583 to 0.619V
at 0.3A/cm?2. Wang et al.'s study [122] examined the impact of varying cooling surface temperatures
on the efficiency of high-temperature PEMFCs through the use of a 3D computational fluid dynamics
(CFD) simulation. Their findings demonstrated that the PEMFC's peak power density and current
density decreased as the cooling surface temperature differential increased. The peak power density
decreased by roughly 9.14% as the temperature differential grew from OK to 40K. Furthermore, they
demonstrated that, in contrast to GDL, CL, and BPs, the phosphoric acid-dope PBI membrane had
the largest stresses during the operation. Compressive stress accounted for most of these stresses.
Within a temperature range of 0 to 40K, the minimum compressive stress ranged from 36.259MPa to
40.927MPa, while the maximum stress ranged from 29.944MPa to 38.964MPa

5. Conclusions

The longevity, reliability, cost and performance of PEMFCs determine whether fuel cell
technologies will be successful or not. Several improvements such as a simpler BP design, control of
produced water, increased fuel tolerance for contaminants, better heat utilization and improved
stability of components has been achieved. There is still a lot of research being done to identify
materials with a lower cost and greater endurance, as well as enhancement in electrochemical
reactions created with various appropriate materials. Improvement of catalyst properties will slow
down degradation and improve the overall properties of PEMFCs. It is still being actively researched
how to modify polymer structures and different material types and compositions to produce stable
and dependable products. Designing systems that functions to deliver power production at optimum
efficiency while maintaining longer life spans of the components needs to be briefly focused on to
avoid rapid degradation of PEMFCs. Use of Zirconate materials as an alternative for Nafion is an area
that needs to be explored. The potentials of doped PBI for PEMFCs membranes under high
temperature has shown to be viable and if optimized can be exploited in commercializing PEMFCs
for high temperature environments.
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