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Fuel cell electric vehicles represent a possible solution to meet the objectives of the energy transition currently
underway, which sees the replacement of combustion vehicles with low environmental impact vehicles. For this

reason, this market is expected to markedly grow in the coming years.
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| 1. Introduction

A fuel cell, the core of FCEVSs, is an electrochemical system that allows the conversion of the chemical energy

stored in hydrogen to electrical energy through a controlled redox reaction. Differently from electrochemical

batteries, fuel and oxidants are externally supplied to the system.

Single fuel cell units are composed of

» A Membrane electrode assembly (MEA), composed of two electrodes separated by an electrolyte, is used for

PEM fuel cells. It is a polymer membrane. The electrodes have different layers: the Catalyst Layer (CL) in direct
contact with the electrolyte membrane, followed by a Microporous Layer (MPL) and a Gas Diffusion Layer
(GDL), both referred to as diffusion media;

Gasket: hydrogen is a very small molecule, and the fuel cell environment is particularly harsh; therefore, specific
elastomers must be used to avoid gas leakage [2;

Bipolar plates: thanks to their geometry, they allow the different reactant gases to be fed to the specific
electrode. They also have dedicated channels for heat exchange purposes. The bipolar plates enable the

electrical connection of more fuel cell units for assembling a whole stack.

In the case of a direct hydrogen PEM, hydrogen is supplied at the anode while oxygen is provided at the cathode,

just canalizing ambient air; to avoid degradation caused by contaminants, pure hydrogen is needed unless specific

technology is used &I,
The reactions occurring at the MEA level are depicted in Figure 1a.

Hydrogen oxidation reaction (HOR) at the anode:
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Hy — 2H" + 2e 7, (1)

oxygen reduction reaction (ORR) at the cathode:

1
502 + 2H+ + 2 — H20, (2)

overall reaction:

1
H> + 502 — H50 + heat. 3)

Under standard conditions, the maximum voltage thermodynamically reachable with one cell producing water in a

liquid state as a by-product is given by the Nernst equation:
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where:

AG is the free Gibbs energy variation (237.2 kJ/mol for the production of liquid water at 25 °C);

e nis the number of electrons participating in the reaction;

F is the Faraday constant (96,485 C/mol);
o Eqis the reversible potential of the cell.

Generally, the voltage of a single cell is limited, for physical reasons, to nearly 1 V 4l and is determined as:

T
Ecell - EO + R_ : 111(&)7 5)
nF Pp
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where:

e R is the universal gas constant [J/mol K];

T is the temperature in [K];

e nis the number of transferred electrons;

F is the Faraday constant [C/mol];

p; is the partial pressure of reactants [bar];

pp is the partial pressure of products [bar].

To increase the voltage for common use, a stack of fuel cells may be constructed by connecting multiple units in

series [Bl. The current collector and end plates complete the stack structure (Figure 1b).

Fuel Input , —
(Hy) S 8 <= o,
{ from air)
I
|
g Heat
£ =
L]
_ B2
Unused '
H:{ = 0 = Output
(recireulabed ) (Adr + Hz0)

Figure 1. (a) Working principle of a fuel cell unit €. (b) Schematics of a fuel cell stack [ZI.

| 2. Electrolyte

The main functions of PEM are to separate the anode and cathode reactant gases, ensure proton conductivity from

anode to cathode and provide electrical insulation between cathode and anode.

For the above reasons, the material must be impermeable to gases, electrically insulating, and have high ionic
conductivity. Furthermore, membranes should have sufficient mechanical resistance and be chemically and

thermally stable in their operating ranges 82!,

The state-of-the-art material for automotive applications is perfluoro-sulfonic acid (PFSA). This material has a main
hydrophobic perfluorinated chain, which grants mechanical support and chemical stability, and hydrophilic sulfonic

acid end-groups, which facilitate water absorption for proton conduction . The length of those side chains
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influences the stability and performance of the electrolyte. Long-side chain and short-side chain membranes are
mainly different in the number of CF, units [&l.

During the operation, (H*) ions diffuse across the membrane in the form of hydronium ions (H;O*) BRI The
proton conductivity is determined by the membrane hydration: when the membrane is too dry, the ionic conductivity
is reduced, determining an increase in the ohmic voltage loss; on the other hand, excessive hydration leads to
unwanted membrane flooding that hinders the transport of the reactant gases B2, In standard working conditions,
the volume and weight of the membrane increase, respectively, by up to 20% and 50%, due to water uptake from
the initial dry condition. The optimum hydration level of the membrane depends on different phenomena such as

electro-osmotic drag, back diffusion, water generation, and hydraulic permeation across the electrolyte £,

Dupont’s Nafion is the most common long-sidechain PFSA for PEMSs. Its characteristics show a proton conductivity
of 0.13 S/cm at 75 °C and 100% RH, durability above 60,000 h, and high chemical stability . Wang et al. also
illustrated the main fabrication methods. An example of a short side-chain material for membranes is Solvay’'s
Hyflon. Figure 2 reports the chemical structures of Nafion and Hyflon.
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Figure 2. Polymer structures of Hyflon ion/dow, and Nafion [,

Even if, at present, PFSA is the most commonly used material for PEMs, several drawbacks are still present 2I812]
(13},

e Proton conductivity is highly dependent on membrane hydration. This implies the need for accurate

humidification control through different strategies (i.e., humidification of reactant gases), which increase system
complexity and cost;

» Temperature limits (around 80 °C) for hydration and mechanical reasons;

» High production costs;
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« Decomposition of polymer chains due to susceptibility to metallic cations;

PEM swell/shrinking during cyclic operation, which can result in membrane failure;

« Environmentally unfriendly material,

Possible degradation of the polymer backbone (—CF,—) for the reaction with hydrogen.

In order to mitigate those problems and extend the operational ranges at low humidity conditions (i.e., 0% RH) and

high or low temperatures (i.e., >120 °C), different strategies, reinforcements, or materials have been proposed &I,

Wang et al. & provided a review of membrane improvements and production methods, while Wang et al. [ and

Rosli et al. 24l summarized the major alternatives for PEM membrane materials.

A short summary of some interesting solutions is highlighted hereafter: the blend of sulfonated polymers and non-
volatile, thermally stable ionic liquids increases ionic conductivity but may decrease mechanical properties; the
incorporation of nanoparticles as additives or fillers (graphene oxide, carbon nanotube, silica,
polytetrafluoroethylene, ZrO,, TiO,, TiSiOy, etc.) or the use of different materials such as Sulfonated Hydrocarbon
Polymers (polysulfones, polyetheretherketones, polybenzimidazoles, etc.) avoids excessive humidification.
Additional strategies are the use of thinner membranes to improve humidification (the transport resistance of
protons and water is proportional to the membrane thickness), but they are more prone to mechanical damage and
degradation, so reinforcement becomes essential; the use of MPLs to increase water retention; and the use of a

counterflow configuration of reactant gases, which improves membrane humidification 2231,

| 3. Electrodes
3.1. Catalyst Layer

Catalyst Layers (CLs) are the electrode surfaces where electrochemical reactions occur. Their role is to facilitate
the reactions along with providing pathways for reactant gas supply, water removal, proton transport towards the

membrane, and electron conduction towards the current collector [EI2I,

A typical CL is composed of catalyst nanoparticles, usually platinum, adsorbed onto carbon particles as support
material and impregnated with ionomer thin films, creating a tortuous void structure with pores 287 The redox
reactions take place at these triple-phase boundaries of the CLs . It is essential that the Pt/C powder be mixed
with the ionomeric form of the membrane to ensure adequate ionic conduction between CLs and the membrane.
There is a precise Pt/C/ionomer equilibrium value: a large quantity of ionomer can reduce the gas diffusion
pathways and the contact with the catalyst 28, Wang et al. [2! determined an optimum Nafion loading of around 30
wit%.
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Usually, those blends come in the form of ink/paste that can be deposited either on the membrane or the diffusion
media surface. Several methods, such as spraying, screen printing, painting, decaling, rolling, electro-deposition,

impregnation reduction, and evaporative deposition, have been used and studied 19,

Even if, due to its high activity, Pt is considered the state-of-the-art material as a PEM catalyst, it has several
drawbacks, such as its high cost and poisoning susceptibility to pollutants like CO, which progressively reduce the
catalytic performances [2I=120]21]

Research efforts are focused on improving CO tolerance and reducing the high-cost platinum loading without
affecting the durability of the cell using less expensive valuable metals such as ruthenium or palladium, several Pt
alloys (Pt-Co, Pt-Ni, Pt-Fe, Pt-V, Pt-Mn, and Pt-Cr) ©1 or using cheaper metals [22], Figure 3 shows the cost and
loading targets of platinum catalysts for a 100 kW FCEV, while Table 1 reports the main catalyst alternatives along
with their related benefits and drawbacks. For a specific, in-depth analysis, see [BIEIRIL7][23][24][25][26]27][28]

ULTIMATE
TarGETS Riskiall <0.10 mglcm?, <10 g

2020 EEILUAVE 0.125 mglem?, 1259

2015 $53/kW 0.14 mg/em®, 16 g

2010 £59/kW 0.18 mglem?, 20 g

2009 SE9/kW 0.20 mglem®, 26 g

2008 $B1/kW 0.25 mglem®, 40 g

2007 $106/kW 0.35 mg/em?, 60 g

0.65 mgfem®, BD g
0.90 mglem?, 110 g

$124/kW

$125/kW

0 500 1000 1500 2000 2500 3000 3500
PGM cost for 100 kW FCEV (USS)

Figure 3. Cost and loading of platinum group metals (PGM) for 100 kW FCEV from 2005 to 2020, based on the
current Pt raw price of USD = 30/g. The values inside the bars show the total fuel cell stack cost for a
manufacturing volume of 500,000 units per year. The values outside the bars give the total catalyst loading per unit
cell area (mg/cm?) and for a 100 kW FCEV (g). Adapted from [,

Table 1. Benefits and remaining challenges for each of the primary categories of electrocatalysts [&; ECSA:
electrochemical surface area, is the active area of the catalyst where reactions occur. Mass activity is defined as

the current at a specified voltage per given mass loading of catalyst; PGM: platinum group metals.

Catalyst-Type Benefit Remaining Challenges

Platinum Mature technology. Unable to meet long-term automotive Pt
loading and catalyst layer durability
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Catalyst-Type

Pt alloy/de-alloy

Core-shell *

Shape controlled
nanocrystal

Nano-frame/nano-
cage **

Non-precious
metal catalyst

Benefit

Mature technology;

Improved performance over Pt/C;
Enhanced MEA durability.

Improved mass activity over Pt alloy;
Improved durability over Pt/C;
Highest reported ECSA.

Significantly higher mass activity (~x15)
over Pt;

Chemical synthesis (vs. electrochemical)

may allow for easier scale-up vs. core-
shell.

Significantly higher mass activity (>x20)
over Pt;

Highly stable (improved durability over
Pt/C).

Potentially offer the largest benefits
(significant cost reduction);

Tolerant to common contaminants.

3.2. Diffusion Media

Remaining Challenges
targets.

Difficult to meet the long-term automotive
Pt loading target.

Difficult to maintain the quality of the shell;

Dissolution of the core is still a concern.

Scale-up is at an early stage;

Conflicting data on stability;

MEA performances have not been
demonstrated yet.

Scale-up is at an early stage;

lonomer penetration into the nanocage will
likely be difficult;

MEA performance at high current density
may be challenging.

Close to meeting targets for non-
automotive applications but far from
automotive targets;

At current volumes, PGM loading is not a
major concern for non-automotive
applications.

The role of the diffusion media layers is to provide electron conduction between the bipolar plate (BP) and the CL,
uniform and direct passage for reactant gas distribution, by-product removal, mechanical support for MEA, and
protection of the CL from corrosion and erosion B 1t must be noted that at the GDL surface, accumulation of water
droplets may hinder the reactants flow; therefore, a proper water removal strategy is needed, and the presence of

a diffusion media layer is part of it (81,
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Carbon paper, made of about 7 pm-diameter fibers aggregated with a binder, is the state-of-the-art material used
for GDLs. In order to allow effective water removal, compounds such as Polytetrafluoroethylene (Teflon) are often
added to GDL to provide hydrophobic behavior. However, excessive loadings should be avoided; otherwise, the
pore volumes will be reduced and gas passage through the pores will be limited. New developments are focusing
on metallic and Porous Silicon GDL .

A Microporous Layer (MPL) is often inserted between GDL and CL to offer protection for the catalyst, provide a
better and smoother physical interface between layers, improve multi-phase contact &, and improve MEA chemical
and mechanical stability [, It also has beneficial effects on water management, resulting in reduced ohmic losses
(see Zhang et al. [22 for an in-depth study on the influence of MPL on water management). MPL is usually made of
carbon black powder bound together with PTFE, which makes MPLs hydrophobic and provides a porous structure

with pore dimensions greater than the voids of CLs but smaller than those of the GDL 8129,

| 4. Bipolar Plates

BPs positioned after the MEA layers allow the series connection of different cells to form a stack, acting as a
current collector and giving mechanical support. Their structure, with three different and separated channelings
grooved in the surfaces, supplies reactant gas to each cell as well as the liquid coolant flow. Water removal is

performed through the same channels, which should be more hydrophilic than the other layers (&,

The state-of-the-art material for BPs is graphite, which shows good corrosion resistance and good electrical
conductivity. On the other hand, graphite is brittle, causing problems during production, and gas permeable,
leading to possible leakages €I,

Research is exploring several alternative materials, such as carbon composites, which show good electrical and
thermal conductivity but weak mechanical robustness, and metals (aluminum, stainless steel, and titanium), which
have good mechanical, electrical, thermal properties, and easy machining. In the case of metals, protective coating
is needed due to their susceptibility to corrosion, which leads to the formation of oxidants, passive layers, and
metal ions that can harm the integrity of the MEA BRIB wang et al. B2 collect different studies on these new

solutions.

Another important aspect is the BP’s flow field (channeling) design. It can influence pressure losses and the
uniformity of gas spreading, as well as electrical current and heat transmission. Straight parallel rows, serpentine,
pin-type, and interdigitated-type flow fields are the most common designs used in PEM fuel cells (Figure 4).
Different studies performed an evaluation of several BP flow field geometries LIE!:

goooooool

ooooooo

Paralie Interdigitated P T Spiral Serpeniting
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Figure 4. Main flow field designs for bipolar plates 22,

Parallel: low pressure drops, homogenous distribution of reactants, low water removal capacity, and voltage
instability:

Interdigitated: high water removal capacity, homogenous distribution of reactants, and high pressure drops;
Pin-type: low pressure drops, low water removal capacity, and uneven distribution of reactants;
Spiral: low humidity requirements and high pressure drops;

Serpentine: high water removal capacity, uneven distribution of reactants, high pressure drops.

As device power increases, electrode and BP sizes also tend to increase. However, using larger electrodes can

lead to problems like uniformity issues in reactions, causing uneven current distribution and potentially forming

high-current density hot spots that raise temperature and damage the membrane. This degradation shortens cell

and system lifetimes. Hence, BPs must withstand current density variations and be able to distribute appropriate

current across the electrodes to counter degradation effects [23],
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