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Abstract

Due to its zero emissions, high efficiency and low noise, proton exchange membrane
fuel cell (PEMFC) is full of potential for the application of vehicle power source.
Nonetheless, its lifespan and durability remain multiple obstacles to be solved before
widespread commercialization. Frequent exposure to non-rated operating conditions
could considerably accelerate the degradation of the PEMFC in various forms, thus
reducing its durability. This paper first analyses degradation mechanisms of PEMFCs
under typical automotive operating conditions, including idling, startup-shutdown,
dynamic loads, and cold start. The corresponding accelerated stress testing methods
are also discussed. Then, as the impurities existed in the reaction gas source and

generated from the degradation of the PEMFC itself may occur under all automotive
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conditions, the degradation mechanisms caused by impurity contamination are
classified and reviewed in detail. After that, the techniques proposed by researchers to
enhance the durability of PEMFCs are presented from four aspects: MEA materials,
bipolar plates and flow fields design, stack assembly, and cell control strategies. The
challenges in the field and the prospects for the future are summarized and analyzed at
the end. The aim of this work is to provide guidelines for improving the durability of
PEMFCs in vehicle applications.

Keywords: Proton exchange membrane fuel cell; Vehicle; Automotive operating

conditions; Degradation; Durability

List of Abbreviation

Abbreviation Definition

AST Accelerated stress testing

CL Catalyst layer

COR Carbon oxidation reaction

ECSA Electrochemical active surface area
GDL Gas diffusion layer

MEA Membrane electrode assembly
MPC Model predictive control

ocv Open circuit voltage

OER Oxygen evolution reaction

ORR Oxygen Reduction Reaction

PEM Proton exchange membrane
PEMFC Proton exchange membrane fuel cell
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PFSA Perfluorosulfonic acid

Pl Proportional-integral

PID Proportional-Integral-Derivative
PTFE Polytetrafluoroethylene

SS Stainless steel

1.Introduction

The proton exchange membrane fuel cell (PEMFC) is a clean, non-polluting energy
source that offers high efficiency and power density. It is capable of replacing internal
combustion engines as a transportation power source [1,2]. In recent years,
researchers have made progress in improving the performance of PEMFCs, which has
strengthened the competitiveness in the market [3]. In certain applications, such as
vehicle power sources, PEMFCs are often subjected to non-ideal operating conditions.
These severe operating conditions can considerably accelerate the ageing and
degradation of PEMFCs implemented in vehicles, thus form obstacles for long-term
operation of fuel cell vehicles. The lifespan of PEMFCs is still a crucial restriction
that impeding the commercialization [4,5]. To expedite the implementation of
PEMFC technology in the transport industry, the European Commission has
suggested an aim of 7,000 to 28,000 hours for the lifespan of PEMFC systems
installed on light- and heavy-duty vehicles by 2030. This aligns with the long-term
ambition of 8,000 to 30,000 hours proposed by U.S. Department of Energy (DOE) [6].
Achieving competitive costs while meeting durability targets is a crucial and

inevitable challenge of the research related to PEMFC.
3



Journal Pre-proof

The degradation of the PEMFC under automotive operating conditions can be
generally categorized into the following forms [7,8]: (1) chemical degradation of the
proton exchange membrane under idling conditions; (2) carbon support corrosion
under startup-shutdown conditions; (3) mechanical degradation of the membrane and
catalyst morphology under dynamic load conditions; (4) ice damage to PEMFC
components during cold start. Besides, there exists poisoning failure of catalyst and
accelerated membrane decomposition under impurity contamination. Some scholars
have noted that in the actual operating process, different operating conditions may
have varying durations, with their impacts on the durability of PEMFC classified into
primary (such as load changing, start-stop) and secondary (such as idling and high
power) categories [8,9]. Nevertheless, to further advance the lifespan of PEMFC, it is
important to clarify the mechanism of typical automotive operating conditions and
understand the specific degradation process of PEMFC. Many studies have been
conducted on the durability of PEMFC, along with more comprehensive degradation
analysis methods [10]. Furthermore, they have suggested various measures and
strategies to hoost the durability of PEMFCs in vehicles. A state-of-art literature may
summarize potential techniques and provide multiple insight for the enhancement of
in-vehicle PEMFC durability.

This paper presents a thorough analysis of the degradation mechanisms and strategies
for improving the durability of PEMFCs under common operational conditions of
vehicles, as shown in Fig. 1. Specifically, Sections 2 to 5 describe the primary

degradation mechanisms related to idling, dynamic loads, startup-shutdown, cold start,
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and analyze the corresponding methodology. Accelerated stress testing (AST) is
commonly used in durability studies, and some representative AST methods can
provide insights to other researchers on certain PEMFC durability issues. Therefore,
these sections also briefly introduce the corresponding AST methods under different
typical working conditions. Section 6 discusses the impact of impurities on the
durability of PEMFCs, including those used in automotive applications. It is
important to consider the negative effects of impurities on PEMFCs as demands for
durability increase. Additionally, severe operating conditions may accelerate the
formation of impurities from the PEMFC itself, which can threaten the durability of
automotive PEMFCs. Therefore, it is crucial to pay close attention to this issue.
Section 7 mainly discusses the potential solutions proposed by researchers for
durability improvement in recent years. These possible solutions are evaluated based
on the degradation mechanisms and consider the overarching problems regarding
membrane electrode assembly (MEA) materials, bipolar and flow fields, stack
assembly, and control strategies. This paper suggests potential design principles and
approaches for highly resilient PEMFCs in vehicle applications and discusses further

challenges that require more in-depth research.
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Fig. 1. The logic structure diagram of this paper.
2. Idling condition
Automotive PEMFCs need to operate at lower current densities and low power output
during idling conditions. Under this condition, the high potential of the cathode and
the reaction gas can cause irreversible damage to the Pt catalyst and membrane. As a
result, the durability and healthy operation of the PEMFC are challenged.
2.1 Degradation mechanisms
2.1.1 Chemical degradation of the membrane
Due to the low current density and fuel consumption under idling condition, the
reaction gas is transported to the other pole by penetrating the proton exchange
membrane under the effect of concentration gradient. This process produces H,O,,
which is further decomposed to produce free radicals such as -OH and OOH [11];
with the aid of a catalyst, hydrogen and oxygen can also react directly to produce free
radicals [12,13]. These reaction processes can be expressed by the following

equations [14].
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0, + 2H* + 2e~ - H,0,#(1)
H,0, +- OH —- 00H + H,0#(2)
H, +- OH —- H + H,0#(3)
0, + H —- O0H#(4)
Hy, + 0, > 2 - OH#(5)

These free radicals can damage the proton exchange membrane as a direct result of
which the membrane thins, the surface becomes rough, and even cracks and pinholes
appear. This leads to irreversible degradation of the PEMFC, a process often referred
to as chemical degradation of membranes. Here, perfluorosulfonic acid (PFSA)
membrane is taken as an example to explain the damaging effects of free radicals on
membranes.

The molecular structure of PESA membranes consists of a main chain, which
determines the mechanical properties of the membrane, and a side chain, which
determines the electrical conductivity of the membrane through the sulfonate group
located at its end [12,15] (see Fig. 2).-OH attacks the carboxyl group at the end of the
main chain [16,17] and the relatively weak bonds of a-OCF,, 3-OCF, and C-S in the
side chains [16,18]. It has been shown that B-OCF, breaks later than a-OCF,, that is,
the side chain breaks first at the end [12]. For H radicals, the tertiary carbon in the
molecular structure of PFSA is their main target [12,19]. In addition, it has been
shown that the rate of main chain disruption does not seem to change drastically due
to the high stability of the O-H bond, but the disruption of the side chain is

accompanied by the continuous generation of new radicals, which exacerbates the
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further disruption of the side chain [20,21]. Since hydrofluoric acid is produced
during most of the free radical damage to membranes, the rate of fluorine release
reflects the extent to which the membrane is affected by chemical decay [22,23]. The
mechanism of free radical damage to PFSA membranes and the associated reaction

equations are shown below:

| R,-CE,COOH++OH — R, -CF,++CO, +H,0 || R,-CESO,H+:OH >R CF,++S0,+H,0 |

] 1

| R,-CF,+++OH - R, -CF,0H - R,-COF +F | | R,-CF,+++OH — R,-CF,0H — R, -COF + HF :
1

' R,-COF+H,0 - R,-COOH + HF IR '

___________________________________________

-CF,—CF 4 CF—CF,—...—CF,—COOH “._;

(@  O—CF,—CF—O—CF,—CF,—SOH
S-OCF, éF @-OCF,

@ 4 R

_________________________________________________

| Attack at a-OCF,: R,-O-CE,CE,SO,H ++0H - R ,-0«+HOCF,CF,SO,H

1

\ Aftack at f-OCF,: R,-OCF,CF(CF,)0++3:0H > R,,-O++CF,++3HF +2CO,
I

! Attack at main chain: Rp-Os+2H,0+s0H — 2{CF}-COOH +3HF

__________________________________________________

| Attack at tertiary carbon: -CE,-CF(OCE,-R )-CE, - +sH — -CF, -C(OCF, R, )-CF, - + HF i

_____________________________________________________

Fig. 2. Schematic diagram of the mechanism of action of free radicals attacking the
PFSA membrane. Reprinted from Ref. [7] with permission of Elsevier. (a) Molecular
structure of PFSA membranes containing long side chains; (b) Mechanism of attack
on the carboxy! group at the end of the main chain; (c) Mechanism of attack on the
terminal C-S bond of the side chain; (d) Mechanism of attack on a-OCF;, and B-OCF,
within the side chain; (e) Mechanism of attack on tertiary carbon branching point
between the main chain and the side chain. Rt is the portion not involved in the
chemical reaction.

2.1.2 Pt catalysts degradation in the catalyst layer (CL)

In addition to the chemical degradation of the membrane, high voltages under idling
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conditions can have a significant detrimental effect on the CL [24,25]. This paper
focuses on the decline of Pt catalysts, that is, changes in the distribution of Pt on the
carbon support with its own structure, which tends to cause a significant decrease in
electrochemical surface area (ECSA). Under idling conditions, high cathodic
potentials cause Pt dissolution, a process that can be described by the following
equations [26]:
Pt —2e™ - Pt?T#(6)
Pt + H,0 — 2e~ - PtO + 2H* #(7)
PtO + 2H* - Pt?t + H,0#(8)

At the cathode, smaller sized Pt particles dissolve and then deposit at larger sized Pt
particles under the tendency of reduced surface energy, which will increase the
average particle size of the Pt catalyst. This process is known as Ostwald ripening
[27,28]. Literature [7] suggests that electrochemical Ostwald ripening (EOR) actually
occurs during PEMFC operation, as the Pt atoms are less likely to be directly soluble
in the ionomers. The carbon supports and ionomers in the CL act in two similar way
for the Pt particles: the carbon supports act as electrical conductors among the Pt
particles, and once the Pt particles are in contact or sintered, electrons can flow from
the smaller particles to the larger one, which can lead to an increase in the sphericity
of the aggregated particles, as observed by Sneed et al [29]. lonomers conduct Pt**
which allows further fusion of small Pt particles to larger particles. The schematic

diagram of the degradation mechanism of Pt catalysts is indicated in Fig. 3.
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G e

Fig. 3. Schematic diagram of the degradation mechanism of Pt catalysts. Reprinted
from Ref. [7] with permission of Elsevier. (a) Electrochemical Ostwald ripening; (b)
Agglomeration and sintering of Pt particles; (c) Pt catalyst migration such as
dissolution, diffusion and precipitation in ionomers or membranes; (d) Pt catalyst
separation.

In addition to the effect of the EOR process, agglomeration and sintering of Pt
particles probably occurs. Under idling conditions, the heat released from the direct
reaction between hydrogen and oxygen may form hot spots at the electrode due to gas
permeation across the membrane, which can promote the agglomeration process of Pt
particles [30].

Pt** dissolved at the cathode also moves towards the anode under the effect of
concentration gradient [31], during which Pt** tends to be reduced to microcrystalline
structures and deposited in proton exchange membranes or ionomers, which is known
as Pt migration. After separation from the carbon support, these Pt deposits are unable

to catalyse the oxygen reduction reaction (ORR) due to the lack of electrons. The
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migration of Pt does not occur only in idling condition, but it is more pronounced as
Pt tends to be more soluble in this condition [7]. Moreover, Pt migrates and then
deposits into the membrane (Fig. 4), where it forms Pt bands [32,33], which can
reduce the proton conductivity of the membrane and may also lead to electronic short

circuits within the membrane [34].
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Fig. 4. TEM images of reprecipitated Pt crystallites. (a) PEMFC with more severe
degradation; (b) PEMFC with more severe degradation [34]. Reprinted from Ref. [34]
with permission of Elsevier.

However, the effect of Pt bands on the durability of PFSA membranes and their
mechanism of action remain to be further investigated because the effect of Pt bands
on the generation of H,O, and free radicals is two-fold [35,36]. On the one hand, Pt
bands have the role of catalysing the generation of H,O, from hydrogen and oxygen,

and some researchers have shown that Pt bands negatively affect the membrane
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durability by measuring the fluorine emission rate and membrane thickness [37,38];
on the other hand, Pt bands also catalyse the generation of water from hydrogen and
oxygen, and inhibit H,O, and free radicals [39]. In other words, Pt deposition in
membranes can catalyse the formation and quenching of H,O, and free radicals
simultaneously, and the Pt structural morphology and concentration distribution play
an important role in the competition between the formation and quenching reactions
[40,41]. If the relevant conditions when the quenching reaction dominates the reaction
system can be derived, it can be attempted to artificially load a certain amount of Pt in
PFSA membranes to improve the chemical stability and durability of the membranes.
2.2 Degradation analysis methods

Some researchers have conducted accelerated tests of proton exchange membrane
durability by operating the PEMFC at open circuit voltage (OCV) without discharge
[42]. In this condition, since there is no current generation and no consumption of
reactant gas, its partial pressure in the electrode rises [11,43], which promotes gas
permeation through the membrane [44,45]. Moreover, no water is produced in the
OCV condition, which maintains the water content of the membrane and the partial
pressure of water in the cathode at a low level. The insufficient expansion of the
membrane increases its porosity, while the low partial pressure of water provides
some space for oxygen in the cathode [46]; and the oxygen permeation process is not
hindered by electroosmotic resistance [17]. Since the OCV condition can be regarded
as what the idling condition can achieve at the limit, the performance degradation of

the PEMFC under the OCV condition can be considered to be very close to the
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conclusion of the idling condition. In addition, if the focus is on membrane durability,
more severe conditions can be used, such as higher operating temperatures and lower
humidity [7]; an increase in backpressure implies higher partial pressures of reactants,
which enhances the permeation of gases through the membrane and accelerates the
chemical decline of the membrane. Currently, numerous OCV operating conditions
are available, and the differences are mainly in the temperature, relative humidity, and
back pressure of each OCV operating condition [22,42,47].

Mitigation of PEMFC degradation under idling conditions requires both gas
permeation and high cathode potential. Some reports suggest that cathode exhaust gas
recirculation may be effective because it can dilute the cathode gas to a lower oxygen
concentration level and can reduce the cathode potential during low load operation of
the PEMFC [48,49]. However, the improvement effect of this method still needs to be
confirmed by durability related tests.

3. Startup-shutdown

Under startup-shutdown conditions, a hydrogen-air interface at the anode of a PEMFC
can cause a high interfacial potential difference at the cathode. This can lead to severe
corrosion of the carbon material at the cathode, resulting in Pt catalyst particles falling
off the carbon carrier, and possible aggregation and recombination of the ionomers.
This can impede the mass transfer process between protons and water, reducing the
ECSA and increasing the electrical resistance. These factors have a significant
negative impact on the durability of the PEMFC.

3.1 Degradation mechanisms

13
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3.1.1 Reverse current mechanism

During the startup-shutdown condition of PEMFC, some air exists at the anode, and
when hydrogen enters the anode, a hydrogen-air interface is formed, which further
leads to a high potential difference at the cathode (Fig. 5). This is the key factor of
PEMFC degradation under startup-shutdown condition: the high potential difference
at the cathode can result in severe corrosion of the carbon supports in CL, loss of

Pt-catalyst detachment, and ECSA decreases, resulting in direct performance

degradation.
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Fig. 5. Hydrogen-air interface effect on PEMFC [50]. Reprinted from Ref. [7] with
permission of Elsevier. (a) Schematic diagram of reverse current formation
mechanism. (b) Schematic diagram of dual-cell formation mechanism.(c) Potential
distribution along the gas flow channel in PEMFC.

The simultaneous presence of air and hydrogen at the anode forms a hydrogen-air
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interface as shown in Fig. 5(a) [50].When the PEMFC is started, the hydrogen-air
interface moves towards the anode output side; whereas, when the PEMFC is stopped,
the hydrogen-air interface moves away from the anode output side. Hydrogen-rich
region (left side of the dashed line of the hydrogen-air interface shown in Fig. 5) and
oxygen-rich region (right side of the dashed line of the hydrogen-air interface shown
in Fig. 5) were formed on both sides of the hydrogen-air interface, respectively.
Meanwhile, the anode and cathode can be considered to be equipotential due to the
good electronic conductivity of the electrodes, gas diffusion layer (GDL) and bipolar
plates, respectively. In the hydrogen-rich region on the left, the bipolar reaction of the
cell occurs normally; while ORR occurring in the oxygen-rich region at the anode, the
ionomer potential is further reduced. As a result, the potential difference in the
cathode oxygen-enriched region increases significantly. This intensifies the carbon
oxidation reaction (COR) and oxygen evolution reaction (OER) within the cathode.
The carbon skeleton in the CL is destroyed due to oxidation, and protons generated by
COR and OER are transferred from the cathode to the anode to generating a reverse
current [50,51].

At this point, the PEMFC can be considered to consist of a cell (left side of the
hydrogen-air interface) and an electrolytic cell (right side of the hydrogen-air
interface), and the GDL for conducting electrons and the bipolar plate can be thought
of as the external conductor. Tang et al. [52] performed dual-cell experiments, and
currents were detected between the cells when anode gases were exchanged between

the air and reformate gases. Eom et al. [53] found that when the anode Pt loadings
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were low, the PEMFC degradation was mitigated. They attributed this to a decrease in
the ORR rate, which led to a decrease in the reverse current, COR, and the rate of
OER.

3.1.2 Carbon corrosion

During PEMFC operation, the possible COR and its corresponding standard potentials

are shown in the following equations [54,55]:

C+2H,0 > CO, + 4H* + 4e~ E°% = 0.207V (vs.SHE)#(9)
co,

C + H,0 - CO + 2H* +2e~ E% = 0.518V(vs.SHE)#(10)

co

It can be seen that COR can occur at relatively low equilibrium potentials, although
the kinetics of COR is slower in the regular potential range, the carbon corrosion
situation can be neglected when the PEMFC operates normally [56]. However, in the
startup-shutdown condition, excessive cathodic potential difference leads to a
significant carbon corrosion condition. Researchers have concluded that potentials
higher than 1.2 V lead to severe carbon corrosion [57]. The higher the cathodic
potential [58] and the more cathodic Pt catalyst loaded [59], the more serious the
carbon corrosion situation is.Yu et al. [60] found that the enhancement of carbon
corrosion by Pt catalyst was mainly concentrated in the early stage, and the rate of
carbon corrosion tended to a certain value with the passivation of the catalyst surface
and the decrease of activity.

In addition, carbon corrosion in GDL is limited due to the absence of catalyst. It has
been widely observed by scholars that CO, emission increases [56,61,62], the size of

carbon particles decreases [63], and holes appear in the carbon skeleton [64], which
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leads to a decrease in the strength of the cathode structure, and the CL may collapse
under a certain pressure, allowing the cathode thickness to decrease [65,66]. As
shown in the Fig. 6 below, (a)-(c) shows the appearance of holes in the carbon support

[64], and (d)-(f) shows the thinning of the cathode [67].

Electrolyte
Electrolyte > membrane
membrane.

Electrolyte
membrane

o
‘Ancde y
b ettt Al

Fig. 6. STEM images at different locations of the anode after startup-shutdown
condition acceleration experiments. 500 gas exchange cycles [64]: (a) anode inlet; (b)
anode center; (c) anode outlet. Reprinted from Ref. [64] with permission of Elsevier.
1,800 startup-shutdown cycles [67]: (d): anode inlet; (e) anode center; (f) anode outlet.
Reprinted from Ref. [67] with permission of Elsevier.

3.1.2.1 Non-uniform corrosion

Since the hydrogen-air interface is always moving with hydrogen injection, different
locations of the PEMFC cathode are exposed to the oxygen-rich region for different
periods of time and are subjected to different corrosion conditions. For example, if the

anode outlet is always exposed to air, the corresponding cathode suffers the most

17



Journal Pre-proof

severe carbon corrosion. The anode inlet is exposed to air for a longer period of time
if the anode is purged with air during shutdown. As a result, there are some
differences in carbon corrosion at the anode inlet, center and outlet. Ishigami et al. [64]
found that the inlet and outlet suffered from severe carbon corrosion as shown in the
cathode carbon support holes in Fig. 6 (a)-(c) above. Lin et al. [67] accelerated fuel
cell aging by simulating the actual start-up-stop-up process, and observed a similar
phenomenon, as shown in Fig. 6 (d)-(f) above. The shrinkage of cathode thickness
indicates that the localised cathodic corrosion facing the anode exit is the most severe
region.

3.1.2.2 Effects on mass transfer

It is concluded that carbon corrosion alters the path of electron transfer, which causes
an increase in ohmic and contact resistance [68]; the electrochemically active area is
also reduced due to aggregation [69,70] and detachment [63,69]of the Pt catalyst, see
Fig. 7. Carbon corrosion leads to significant changes in the composition and
morphology of the cathodic CL, resulting in a redistribution of ionomer weights, a
decrease in CL porosity [10], and an increase in hydrophilicity of the carbon support
surface [20]. lonomer redistribution creates partially un- and over-covered Pt particles,
which not only reduces the electrochemically active area but also hinders mass
transfer to the active surface of the covered Pt particles. It also weakens the water
transport in the cathode, thus increasing the possibility of flooding [71]. As carbon
corrosion makes the cathode structure unstable and more susceptible to collapse,

cathode porosity is generally, but not absolutely, reduced, and is related to the
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structural strength of the CL. Some authors have detected enlarged pores [64] and
there are also reports claiming that the decrease in porosity is not necessarily uniform
[65]. In general, the porosity decreases as the cathode thickness decreases, which
again hinders the mass transfer process. Surface oxidation of carbon supports can
produce a number of hydrophilic groups that attach to the carbon surface and reduce
the surface hydrophobicity [72,73]. As a result, water transport becomes more
difficult. In other words, water tends to accumulate in the declining cathode, leading

to a thicker water film in the CL and hindering mass transfer.

Fig. 7. Comparison of SEM images of CL at the cathode before (a) and after (b) 1,000
gas exchange cycles. Reprinted from Ref. [61] with permission of American Chemical
Society.

3.1.2.3 Influencing factors and mitigation initiatives

The degree of carbon corrosion is also influenced by environmental conditions.

19
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Higher gas humidity [74,75] and higher operating temperatures [76] have been
reported to accelerate carbon corrosion. Furthermore, carbon corrosion can be
controlled by optimising the startup-shutdown procedure [77,78]. The basic strategy is
to reduce or eliminate the effect of the hydrogen-air interface. The following measures
can be taken during shutdown. Rapid elimination of residual hydrogen in the anode
reduces the residence time at the hydrogen-air interface and thus mitigates carbon
corrosion; it can be achieved by blowing the anode [79] or introducing a virtual load
to consume the residual hydrogen [80]. Elimination of residual air is also an approach,
with some authors opting to cut off the air supply prior to hydrogen termination
during shutdown [62]. In addition, virtual loads can be used to consume residual
oxygen [80,81]. Researchers have also attempted to develop and utilise
corrosion-resistant catalyst support materials such as graphite [68], carbon nanofibres
[82], and carbon nanotubes [83,84].

3.2 Degradation analysis methods

For the aging of PEMFC under startup-shutdown condition, different accelerated
testing methods have been adopted by different researchers. For example, the
startup-shutdown process can be repeated rapidly, which is very close to the
startup-shutdown condition in the actual working process of PEMFC [85,86]. This
method has been used by researchers to evaluate the optimisation of human-set
start-stop procedures [87], as well as the effects of condition parameters such as
temperature, relative gas humidity, etc [74,88]. Other researchers have alternately

transferred air and hydrogen to the anode to simulate the hydrogen-air boundary and
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its movement in the anode [89]. In addition, because carbon corrosion is due to high
cathodic potentials, high potentials applied to the cathode have also been used in tests
to investigate the corrosion of the carbon skeleton in CL, the detachment of the Pt
catalyst, etc [72,90].

4. Dynamic load

During the practical operation of the PEMFC, frequent output power changes are
often required to meet the demands of vehicles in different situations. Under dynamic
load conditions, the electrode potential, internal temperature, pressure and water state
of the PEMFC undergo rapid fluctuations over a short period of time, generating a
temperature/humidity cycle, which can significantly accelerate the mechanical
degradation of the PEMFC components [91]. Moreover, the dynamic demand for gas
supply may occur as gas starvation during loading, and the Pt catalyst will also decay
under dynamic load conditions.

4.1 Degradation mechanisms

4.1.1 Mechanical degradation of PEMFC

At larger loadings, the electrochemical reaction rate is increased with a consequent
rise in the rate of water production, which can lead to an increase in the water content
of membranes and ionomers in the PEMFC. Conversely, smaller loads result in lower
water content or even dehydration of the membrane and ionomer. The water
absorption and dehydration of the membrane also cause it to expand and contract,
respectively. Consequently, during repeated dynamic loading, the stresses generated

by the cyclic changes in volume cause the membrane to undergo mechanical
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degradation [92,93]. The membrane become thinner, pinholes and cracks may also
appear in it [94,95]. Since CL contains certain ionomers, the change in its volume also
causes structural changes and triggers mechanical recession [96,97]. Moreover, there
Is a difference in the degree of strain and deformation between the membrane and CL,
and frequent dynamic loading can cause the residual stress and strain to crack and
separate the membrane-CL junction [98,99] (Fig. 8). Similarly, delamination between
CL and GDL has also been reported [99,100]. Delamination of components hinders
the transport of protons (between membrane and CL) and electrons (between CL and
GDL), and increases the contact resistance, which adversely affects the PEMFC
output performance. To meet the required output power, the current density is
increased in the regions adjacent to the delamination of the components. This results
in increased water and heat production, which can affect the durability of the internals
in these regions [98].

Furthermore, the humidity cycling-induced volume change of ionomers in CL may
result in their aggreoation and redistribution. This phenomenon has been observed by
some researchers [96]. Under normal conditions, the ionomers in CL are highly
dispersed but not very stable. Certain disturbances, such as changes in the structure of
the CL or detachment and agglomeration of Pt catalyst particles, can cause the
agglomeration and redistribution of the ionomers. The outcome is comparable to that
outlined in the preceding section on the impact of carbon corrosion. It impedes the
binding of protons to the Pt catalyst, thereby reducing the ECSA in disguise.

Additionally, the over-covered ionomers increase the mass transfer resistance to some
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extent.
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from cathode Membrane crack

Fig. 8. Schematic diagram of mechanical degradation of PEMFC components under
dynamic load conditions [7,95,99,100]. Reprinted from Ref. [7] with permission of
Elsevier. (a) Brief - schematic of membrane electrode assembly (MEA); (b)
Agglomeration and redistribution of ionomers in CL; (c¢) Crack formation and
extension in CL; (d) Delamination of CL with membrane; (e) Formation and
extension of cracks and pinholes in the membrane; (f) Typical SEM image of the
cross section after humidity cycling.

4.1.2 Gas starvation

During PEMFC loading, there is often a delay in gas supply relative to the increase in
current. Rapid loading can lead to gas starvation [91,101] (Fig. 9). In addition, the

distribution as well as the supply of gas in a PEMFC is not completely homogeneous,

23



Journal Pre-proof

with some non-uniformity among different locations in the cell stack [102], at the gas
inlet and outlet [103], and between the ribs and channels [91]. Rapid loading may
magnify the effects of such differences. Gas starvation is categorised into air
starvation and fuel starvation, which have different mechanisms of action, but both

can negatively affect the durability of the PEMFC.
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Fig. 9. Schematic diagram of PEMFC gas starvation under dynamic load conditions.
Reprinted from Ref. [7]with permission of Elsevier. (a) Air starvation; (b) Localised
fuel starvation; (c) Overall fuel starvation.

4.1.2.1 Air starvation

Air starvation occurs when the PEMFC is forced to produce the required current but
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the air supply is insufficient. Due to the lack of oxygen, the excess protons passing
from the anode to the cathode cannot participate in the ORR, then hydrogen evolution
reaction (HER) takes place at the cathode. The presence of hydrogen in the exhaust
gas emitted from the cathode when there is insufficient air has been reported in some
literature [104,105]. These hydrogen gases at the cathode can directly react with
oxygen in the neighbouring region, thus releasing a large amount of heat and
generating hot spots. This is likely to lead to thermal degradation of the cathode
membrane with growing sintering of the catalyst and a reduction in the
electrochemical activation area [106,107].

4.1.2.2 Fuel starvation

As for the fuel starvation, it can be divided into two types: localised fuel starvation
and overall fuel starvation, which have different mechanisms to affect the PEMFC
durability. Localised fuel starvation occurs when there is a slight starvation of
hydrogen supply, which leads to a decrease in the local pressure at the anode and an
increase in the permeability of air to the membrane. When air infiltrates into the anode,
a hydrogen-air interface is created, which leads to the same effect as the
startup-shutdown condition on the PEMFC as described in the previous section
[99,108]. Overall fuel starvation occurs when there is a severe starvation of hydrogen
supply (stoichiometric ratio < 1), at which point the PEMFC cannot operate properly.
Reverse polarity occurs if there is an external power source forcing the overall fuel
starvation cell to maintain current [109]. In the test/practical workplace, both the

potentiometer in constant-current operating mode and the normally operating PEMFC
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in the same stack can be used as external power sources [110]. At this point, the
antipodal PEMFC is more analogous to an electrolytic cell, as shown in Fig. 9(c)
above, where COR and OER are performed in the anode to supply protons and
maintain the load current. As a result, the anode potential increases rapidly while the
cell voltage decreases. COR leads to shedding of Pt catalyst aggregates and a decrease
in ECSA.

The damage caused by fuel starvation can be mitigated by optimising the gas supply
and reactant dosage [111] the gas flow field [112], as well as the control of the loading
rate during the actual loading process. In addition, there are some methods to add
hydrogen storage layer at the anode outlet [113].

4.1.3 Loss and detachment of Pt catalysts

Pt catalysts also degrade under dynamic load conditions, and the reasons for this come
from a variety of sources.. As mentioned previously, the ionomers in the CL are
deformed, which is likely to separate the Pt catalyst it covers from the carbon support
[96]. During this period, the highly dispersed ionomers tend to aggregate, which can
cause some Pt particles to lose the coverage of the ionomers, while some of the
particles can be over-covered. The effect is similar to that of the redistribution of the
ionomers due to carbon corrosion in the startup-shutdown condition: the uncovered Pt
catalysts do not allow proton contact, while the overcovered portion increases the
mass transfer resistance [71]. Since homogeneous, highly dispersed ionomers are
inherently unstable in PEMFC, factors leading to changes in the structure of both Pt/C

and CL can accelerate the redistribution of the ionomers [7]. Secondly, after cracks
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are produced in CL, the Pt particles attached in and around the cracks are likely to be
washed away by water as water will tend to flow towards the cracks [96]. The COR
due to fuel starvation described previously is similar to the COR due to the
hydrogen-air interface in the startup-shutdown condition, where the corrosion of the
carbon support forces the Pt particles to separate.

4.2 Degradation analysis methods

To explore the degradation of PEMFC under dynamic load conditions, researchers
typically test the cell using potential and humidity cycles. In potential cycling,
considering the cathode potential range of PEMFCs, the applied potential is generally
cycled from 0.6 V to 0.9 V - 1.0 V [114,115], which corresponds to the rated cell
voltage and the cell voltage at OCV, respectively. Triangular [116], rectangular [114]
and trapezoidal waveforms [116] are a few waveforms commonly used in cycling
modes. When simulating membrane mechanical degradation caused by humidity
cycling, it is important to carefully select the gas used. For example, cathode and
anode gas supplies using No/H, [117], air/air [94] with N2/N, [95] are used to
eliminate the interference of cathode potential and membrane chemical recession on
the results.

5. Cold start

At low temperatures, the product water in PEMFCs freezes, which can cause
performance degradation and damage to components and even the overall
structure.The cold start problem of PEMFCs has become a major impediment to their

commercialisation in cold regions and scenarios [118]. Since cold start is a startup
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situation of PEMFC under special conditions, the cold start period also involves
PEMFC degradation under startup-shutdown condition as described in the previous
section [7]. This section focuses on an overview of the degradation of the PEMFC
caused by icing during cold start.

5.1 Degradation mechanisms

5.1.1 Consequences of frozen volume expansion

As water solidifies into ice, it increases in volume by about 9%. Since water is widely
distributed in membranes and ionomers, icing leads to localised stress and even
deformation of PEMFC components, similar to humidity cycling under variable load
conditions, and freeze-thaw cycling can also lead to mechanical fatigue of PEMFC
components, which in turn affects durability [119,120] (see Fig. 10). Ice at the
interfaces of the components causes delamination of the membrane with CL and CL
with GDL [121-123], leading to a significant increase in contact resistance [124,125].
For proton exchange -membranes, most of the water in the membrane interacts with
the polymer chains, making them somewhat immune to icing [126]. Once the water
content in the membrane reaches saturation, the product water that continues to be
produced will freeze if the internal temperature of the cell remains below freezing.
This is likely to lead to delamination of the membrane with CL and the membrane
surface becomes rougher or even ruptured and pinholed due to the presence of large

ice crystals [127].
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-
~Delamisation

Fig. 10. Multidimensional PEMFC degradation due to freeze-thaw cycling. Reprinted
from Ref. [7] with permission of Elsevier. (a) Delamination between GDL and CL
[125]; (b) Delamination between CL and membrane [124]; (c) Defects in PTFE in the
GDL [128]; (d) Roughening of the membrane surface and formation of pinholes [127];
(e) Crack formation and extension in CL [129]; (f) Ice-induced separation of ionomer
and Pt catalyst [7].

5.1.2 Damage of PEMFC components during cold start

For CL, it has been proposed that although the initial water droplets formed on the
surface of the cathode Pt catalyst do not freeze immediately due to the supercooling
effect, they freeze more easily at freezing point when the small droplets agglomerate
into larger ones [130]. Since water is mainly generated at the cathode, most of the ice

is produced at the cathode CL and fills the pore structure of CL [131]. After repeated
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icing, the characteristic pore size of the CL becomes larger and the number of larger
pores increases, which is likely to lead to the creation of microcracks [123]. Water
will tend to solidify at the cracks, which will accelerate the damage of the CL
structure [129,132]. Additionally, for Pt catalysts in CL, ice at the interface separates
the Pt particles from the ionomers, causing a decrease in ECSA [133,134]. Even after
the ice melts, the coverage of the ionomers is not fully restored.

In the case of GDL, the ice in it disrupts the pore structure between the carbon fibers,
separating the carbon fibers from the polytetrafluoroethylene (PTFE) coated on them.
This reduces the hydrophobicity of the GDL, which in turn leads to a blockage of the
mass-transfer process and an increased risk of flooding [127,128]. These conclusions
have been reached by comparing the contact angle of water before and after cold start
[128]. Furthermore, the expansion of volume during icing may also cause the carbon
fibers themselves to fracture, which often results in some of the carbon fibers and
hydrophobic coatings falling off as flakes [135].

For the microporous layer (MPL), damage can also occur during cold start due to the
effects of icing [136,137]. Ozden et al. [123] found that the MPL was deformed after
60 freeze-thaw cycles. Large cracks formed on the surface, and flakes of the carbon
fibres separated from the surface, resulting in a macroscopic increase in the pore
volume and porosity. The damage to MEA by low temperature is shown in Fig. 11

below.
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Fig. 11. Effect of low temperature on MEA. Reprinted from Ref. [127] with
permission of Elsevier. (a) Fresh MEA; (b) MEA aiter room temperature operation; ()
MEA after -10°C operation; (d) MEA operation aiter -15°C operation.

5.2 Degradation analysis methods

Researchers have conducted accelerated aging tests for the cold-start process by
controlling the temperature of the PEMFC and inducing frequent water-ice phase
transitions. Currently, the lower temperature limit has been tested up to -40°C [122],
while the upper temperature limit is generally the normal operating temperature of
PEMFCs. In addition to freeze-thaw cycles, there are also reports for the cold-start
process, including the effects of parameters such as initial humidity [130,138], current
density [139], and so on. In addition, many scholars have designed cold-start
strategies, such as the pre-start purge method [140,141] and the heating method
[142,143] for the PEMFC, in an attempt to minimise or even eliminate the effect of

icing.
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6. Impurity contamination
The effects of impurities faced by the PEMFC during operation can be divided into
two categories according to their source: impurities precipitated from the components
of the PEMFC, such as the bipolar plates or sealing materials [144,145], which are
usually metal cations, but also impurities carried by the purity limitations of the
component manufacturing process, namely, the Pt catalysts may carry traces of
chloride ion (CI") [146]; the other type is impurities present in the reaction gas, which
enter the PEMFC with gas transport and cause effects. As the PEMFC components
will inevitably undergo a certain degree of aging after a certain period of operation, it
is likely that metal cations will precipitate into the PEMFC; and a significant portion
of the current source of hydrogen is the industrial side reaction [147], in which gases
such as hydrogen sulfide (H,S), ammonia (NHs), and carbon monoxide (CO) are
inevitably present, and there are also trace amounts of nitrogen oxides (NOy), sulfur
oxides (SOx) and other gas impurities in the air. Therefore, it is very meaningful to
study the effect of impurities on the durability of PEMFC.
6.1 Contamination by metal cations
Some transition metal cations can catalyse the decomposition of H,0,, producing an
effect similar to the Fenton reaction, which results in a much higher rate of radical
generation. The relevant mechanism is given by the following equations [148,149]:
M?* + H,0, » M3* +- OH + OH™#(11)
M3* + H,0, > M?** +- O0H + H*#(12)

where M is a transition metal element such as Fe, Co, Cu, etc. It can be seen that
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metal cations catalyse the generation of free radicals, thus accelerating the chemical
degradation of the membrane. Furthermore, it has been shown that the sulfonic acid
group in polytetrafluoroethylene (PTFE) membranes can be poisoned by metal cations,
which adversely affects the proton conductivity of the membranes and causes damage

[150,151] (see Fig. 12).

(a) Oh

(b) 24h

Fig. 12. Damage to Nafion membranes by Fenton's reagent at different exposure times.
Reprinted from Ref. [151] with permission of Elsevier.

When conducting studies for cation contamination, two methods were usually used by
researchers: the solution method and the exchange method [152]. The solution method
involves immersing the membrane in a solution containing metal cations and H,O»,
while the exchange method involves immersing the membrane in a solution of H,0,
with metal cations inside the proton exchange membrane. For the solution method, the
cations, H,O, and ionomers need to be in close enough proximity to each other for
catalytic degradation to occur. In the case of the exchange method, the cations are
always available in the membrane, which allows for moderate cation doping to initiate
the chemical degradation of the membrane [15]. Healy et al. [153] compared the
released composition of membranes submerged in Fenton's reagent (H,O,/Fe®") to

that released from in-situ testing of PEMFC chemical degradation and found that the

33



Journal Pre-proof

compositions of the membranes were similar. For accelerated membrane decline, the
comparison between solution and exchange methods has not yet shown a clear
correlation, and it is important to explore degradation modes that more accurately
reflect in-situ membrane degradation.

6.2 Contamination by CI’

6.2.1 CI residue induced catalyst degradation

The precursor for the preparation of Pt catalysts is usually H,PtClg-6H,0, in which CI’
may have trace residues in the catalyst [154]. In addition, CI" carried by salt spray in
the air may also be adsorbed on the Pt catalyst with the incoming air. A small amount
of CI" can be very harmful to the performance of PEMFC [146]. Numerous studies
have shown that the performance of the PEMFC decreases rapidly at the onset of CI’
contamination, during which the Pt catalyst is subjected to a very high rate of
corrosion and saturates after a period of time [155,156]. Subsequently, the corrosion
process caused a slow decrease in PEMFC performance. Pt dissolved by corrosion
can be redeposited on the catalyst surface, namely, the CI" induced decline is
reversible to some extent. In addition, if the catalyst is a Pt-based alloy catalyst, CI’
also poisons the catalyst active sites, and only a small amount of CI" is sufficient to
dissolve and dealloy most of the non-precious metals in the alloy [157]. An increase
in the concentration of CI" leads to a decrease in the Pt corrosion potential, thus
accelerating corrosion [146].

6.2.2 Mechanism of CI" poisoning

CI" can form two types of complexes with dissolved Pt, PtCl,* and PtCl¢>, which
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have the following chemical reaction formulae [146]:

Pt + 4Cl~ — PtCl?~ + 2e~ E° =0.758V(vs.SHE)#(13)

Pt + 6Cl™ - PtCl¢™ + 4e~ E° = 0.742V(vs.SHE)#(14)
At low potentials (0-0.4 V), CI" could move to the Pt surface. When the potential was
in the range of 0.4-1.06 V, CI"-3H,0 was continuously generated on the surface of the
contaminated Pt catalyst. With increasing voltage, only oxide (PtO/PtO;) was formed
on the uncontaminated Pt surface with CI, and the amount of oxide generated
increased with the amount of dissolved Pt. PtO/PtO, acted as a protective oxide layer
and slowed down the further dissolution of internal Pt. Finally, the contaminated Pt
undergoes the reaction of the above chemical formulae. Pt"™ can be formed when the
electrode potential is less than 1.2 V, while PtClg” is formed when the potential is
greater than 1.2 V' [158].
6.2.3 Mitigation strategies of CI" poisoning
To prevent the toxic effect of CI" on PEMFC, one possible approach is to synthesise Pt
using other Cl'-free precursors, such as Pt(acac), [159], Pt(NH3)2(NO), [160].
However, Pi(acac); is costly and difficult to be applied on a large scale commercially,
and Pt(NHs3)2(NOy), is exothermic during the reduction process, which affects the
performance of Pt catalysts [154]. Therefore, there is a great need to investigate
methods to remove residual CI" from H,PtClg-6H-0.
Modification of the catalyst itself can improve the ability to tolerate CI". It has been
found that making N-doped graphene and Pt-containing nanocomposites contain as

many pyridine and pyrrole groups as possible is helpful for the improvement of the
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catalyst's resistance to CI" corrosion [161].The degree of poisoning of Pt varies among
the crystalline surfaces, in which Pt (110) is more severe than Pt (111), and thus it can
be assumed that by controlling the movement of the crystalline surfaces of Pt to Pt
(111), it is possible to inhibit the adsorption of CI" to Pt to some extent [162]. It also
appears that the addition of a second atom type for the preparation of alloy catalysts in
order to release the active sites from CI" can also play a role [154].

In addition, there are also reports related to the catalyst treatment process. One
approach is to use post-treatment means, such as washing with large amounts of
deionised water assisted by AgNOs;, which removes CI residues [154]. In terms of
dechlorination, both NH3 and NaOH can be useful, with NaOH being non-toxic and
cleaner with lower CI" residues compared to NH3 [163]. Another approach is high
temperature treatment, for instance, catalysts are prepared by strong electrostatic
adsorption methods, where the gas atmosphere and the duration of the reduction
process are varied in-order to change the CI content in the catalyst. The length of the
reduction time needs to be ensured as high temperatures may vaporise the carbon
support [164].

6.3 Contamination by carbon monoxide(CO)

For the impurity gases that may be present in the inlet gas, CO, H,S, NHs, and SO,,
which are some of the more common gases represented in this paper, are reviewed.
After purification of hydrogen, which appears as an industrial by-product, the
concentration of CO is typically on the order of 10 ppm, which is sufficient to cause a

significant degradation in the performance of the PEMFC [165,166].
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6.3.1 Mechanism of CO poisoning
At the anodic potential corresponding to the normal operation of the PEMFC, CO
competes with H, for active sites on the Pt catalyst [167]. Since the heat of adsorption
of CO on Pt is 134 kJ mol™, which is higher than the 87.9 kJ mol™ corresponding to
H, [165], CO is more readily adsorbed on the Pt surface than H,, which results in the
accumulation of CO on the Pt surface and a reduction in the available surface sites for
hydrogen oxidation reaction (HOR) [148]. In addition, CO adsorbs on the Pt-H sites
and hinders proton generation. The relevant reaction equations are shown below
[166]:
CO + nPt - Pt, — €0 4ys#(15)
2C0 + 2(Pt — Hyyg) — 2(Pt — CO445) + Hy#(16)
Pt — CO4qs + Pt — H,0,4s > 2Pt + CO, + 2H + 2e~#(17)
The corner symbol "ads™ indicates that the substance is in the adsorbed state.
6.3.2 Effects of CO poisoning on PEMFCs performance
At higher concentrations of CO (usually higher than 100 ppm), the polarisation curves
show two different slopes at lower and higher current densities [168] (see Fig. 13).
The former is caused by a combination of adsorption and oxidation of H, and CO at
the anode, while the latter is caused by a gradual oxidation of CO in the adsorbed
state to CO; and an increase in the rate of H, adsorption and HOR after a certain value
of the anode potential is reached [169]. Temperature has a significant effect on CO
contamination. With the increase of PEMFC operating temperature, CO desorption on

the surface of Pt catalyst was fast and the degree of coverage decreased, which was
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favourable for HOR [170]. The value of overpotential increase due to equal content of
CO also varies at different current densities. Higher current densities accelerate the
rate of H, consumption while CO is essentially unconverted, which results in higher
CO content per unit time per unit area of the Pt catalyst surface and increased toxicity

to HOR [170].
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Fig. 13. PEMFC polarisation curves corresponding to different concentrations of CO.
Reprinted from Ref. [168] with permission of Elsevier.
6.3.3 Mitigation strategies of CO poisoning
To mitigate the poisoning hazard of CO to PEMFC, it is necessary to promote the
conversion of CO already adsorbed on the surface of Pt catalyst. Currently, there are
two widely adopted strategies: one is to oxidise CO by doping some oxidants into the
anode feed gas; the other is to develop catalysts resistant to CO poisoning.
6.3.3.1 Oxidants bleeding

In the anodic oxidation scheme, a certain amount of O, is generally passed to make
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Pt-CO oxidised to form CO,, releasing the catalyst active sites occupied by CO,
which has low toxicity to HOR [171]. The mechanism can be expressed by the
following equations [172]:
2Pt + 0, - 2(Pt — 0)#(18)
Pt — CO + Pt — 0 - 2Pt + CO,#(19)
The disadvantage of this scheme is that O, also reacts with H,, which will lose some
of the reactant gas and O, that would have reacted with CO, as shown in the following
equation [168]:
Pt — 0 + 2(Pt — H) - H,0 + 3Pt#(20)
Certainly, the weakening of the CO poisoning effect by means of anodic oxidation is
obvious.A related study was carried out by Sung et al [173], who found that 50 ppm
CO caused an 80% current loss, whereas the introduction of 5% air (1% O,) restored
the current density to 90% of the original maximum current density. Moreover, at a
voltage of 0.5 V and a CO concentration of 25 ppm, the output current increased
significantly from 920 mA cm™ to 1,670 mA cm after the introduction of 1% air in
H,. For 200 ppm CO, the output current increased from 315 mA cm™ to 1,600 mA
cm™ by adding 5% air to the fuel, and the power density of the stack increased by
88%.
6.3.3.2 CO-tolerance catalysts
For catalysts against CO poisoning, Pt is generally used to form alloy catalysts with
other metals such as Ru, Co, Ni, Sn, etc [174-176]. The mechanism of Pt-Ru, for

example, is that Ru can preferentially adsorb H,O at a lower potential and produce

39



Journal Pre-proof

Ru-OH clusters, which can rapidly oxidise the CO adsorbed on the surface of the
catalyst, as shown in the following reaction formula [177]:
Pt—CO+Ru—OH - Ru+Pt+CO,+H' + e #(21)

It has been noted that alloying Pt with other metals can shift the d-band of Pt, by
which alter its electronic structure and hinder CO adsorption [178]. Furthermore,
alloyed catalysts can prevent the agglomeration of nanoscale particles to some extent
through the synergistic effect among the components [179]. This improves the
stability of the catalysts, prolongs the working time of the PEMFCs and enhances CO
tolerance. In studies comparing the CO tolerance of various alloyed catalysts, Ru
doping demonstrated the most significant effect [180-182], as shown in Fig. 14 below.
Jin et al. [183] prepared catalysts with PtMo atom clusters and such type of catalysts
achieved resistance to 1,000 ppm CO at a low Pt loading of 1.56 wt%. The
improvement was mainly caused by the synergistic effect of PtMo-APs, Pt-SAs, and
Mo-SAs in the clusters. Dong et al. [179] achieved even better CO tolerance than that
of commercial Pt/C by combining alloying with the SMSI effect. They loaded a
PtNiMo ternary alloy onto a Fe-N-C carrier, which exhibited excellent anti-CO
performance. The catalyst retained over 80% of its current density even after being

exposed to a concentration of 1,000 ppm CO for 2,000 seconds.
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Fig. 14. Corresponding polarisation curves for different binary catalysts at H,/CO
(150 ppm), 75 °C. Reprinted from Ref. [168] with permission of Elsevier.
6.4 Contamination by H,S
6.4.1 Mechanism of H,S posioning
Similar to CO, H,S has a high affinity for Pt catalysts. Its anodic reaction pathway in
PEMFC is variable, and the exact poisoning mechanism is still controversial [184].
Some researchers have proposed the following poisoning mechanisms [185]:
H,S + Pt = Pt — S, + H,#(22)

2H,S + 2Pt — Hyys — 2Pt — Sy + 3H,#(23)
That is, H,S dissociates and adsorbs on the Pt surface to generate Pt-Sygs, and S has a
stronger adsorption on the Pt surface, which can replace Pt-Hygs to generate Pt-Sgygs,
leading to a drastic reduction in the active sites available for HOR. It has also been
shown that H,S adsorption on the Pt surface to generate Pt-S,qs is also followed by an

electro-oxidation reaction to generate H* [186]. Also, Pt-Syas is a possible form of
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adsorption [187]. The expressions are as follows:
H,S + Pt = Pt — Syqs + 2H* + 2e~#(24)

H,S + Pt — Sgp4s = Pt — Syqas + 2HT + 26 #(25)
In addition, Pt-S,gs Will react with water in the anode CL to produce sulfur oxides,
which have some covering effect on the active sites on the Pt surface, as shown in the
following expressions [186]:

Pt — Sgqs + 3H,0 = Pt + 505 4+ 6H™ + 6e~#(26)

Pt — Spqs + 4H,0 — Pt + S0Z™ + 8H* + 62~ #(27)
6.4.2 Effects of H,S poisoning on PEMFCs performance
At lower potentials, sulphur can be generated and accumulated on the surface of the
Pt catalyst, destroying its surface activity. Uribe et al. [188] found that this toxic effect
can be cumulative and has a considerable degree of irreversibility. Garzon et al. [189]
reported that a low concentration of H,S of 10 ppb resulted in a decrease of 32.8% in
the current density of the PEMFC after anodic exposure of 1,000 h. When the
concentration of H,S rose to 1 ppm, the PEMFC performance had significantly
decreased after 4 h, and was almost completely ineffective after 21 h. Subsequently,
pure H, was used as the feed gas for several hours, and the performance still did not
recover significantly (see Fig. 15). The effect of temperature has also been reported
[190]: the adsorption of S-containing species on the surface of the Pt catalyst is more
intense at low temperatures, whereas the adsorption reaction rate is accelerated at high

temperatures.
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Fig. 15. Effect of 5 ppm H,S on PEMFC output performance (70°C). Reprinted from
Ref. [168] with permission of Elsevier.

6.4.3 Mitigation strategies of H,S poisoning

Strategies that have been investigated for recovering the effects of H,S contamination
include the passage of pure hydrogen or ozone on the anode side, cyclic CV scanning,
and the development of catalysts resistant to the toxic effects of H,S. Feeding pure H,
on the anode side partially restores PEMFC performance, although this may only be
applicable at very low H,S levels [186]. Kakati et al. [191] injected ozone at the
anode and found that when the H,S content was 100 ppm, the performance could be
restored to about 95% of the initial value by continuous injection of 2% ozone for
600s. However, ozone itself leads to an accelerated degradation rate of the PEMFC
components, again triggering irreversible decay [192].

The use of cyclic CV scanning is effective in terms of restoring PEMFC performance.
Shi et al. [193] oxidised the chemiluminescent material of a Pt catalyst by means of a

high voltage pulse (1.5 V), and then reduced the Pt oxide using a low pulse (0.2 V),
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essentially restoring more than 90% of the performance, as shown in Fig. 16.
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Fig. 16. PEMFC performance under H,S poisoning-CV scan (0.2 V-1.5 V) cycle.
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Reprinted from Ref. [193] with permission of Elsevier.

Pd catalysts are superior to Pt in terms of resistance to H,S poisoning effects. A Pd-Cu
alloy catalyst was investigated, which had a higher H,S tolerance and showed better
performance in the presence of H,S in the anode feed gas [193]. However, this

catalyst could not achieve the performance of the Pt catalyst with pure H, feed gas.

6.5 Contamination by NH3

6.5.1 Mechanism of NH3 poisoning

NH; is also one of the typical anode contaminants for PEMFC, which has some
residual amount in H; either as a reforming product or as a support of hydrogen, and
its concentration can reach up to 150 ppm [168]. Some literature suggests that the

toxicity mechanism of NHjs is different from that of CO and H,S. NH; does not have a
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direct toxic effect on the Pt catalyst, but rather combines with H" to form NH**, which
can hinder H* transport and reduce the proton conductivity of the membrane
[194,195]. The reaction equations are as follows:
NH;(g) » NH;(mem)#(28)

NH;(mem) + H* > NH; #(29)
The NH*" generated at the anode is transported through the membrane to the cathode,
where the following reduction reaction occurs in the presence of a Pt catalyst at the
cathode [168]:

2NH} = N, + 8H* + 6~ #(30)
Rune et al. [195] showed that the transfer efficiency of NH** is about 20-25% of that
of protons, and that NH*" affects the ORR that is supposed to occur at the cathode,
resulting in a degradation of the PEMFC performance.
6.5.2 Influcing factors of NH3 poisoning
In terms of factors affecting ammonia contamination, the duration of contamination is
one of the most important factors affecting the durability of PEMFC. Several studies
have shown that short but higher concentrations of NH3; contamination are less likely
to affect membranes to the extent of irreversible degradation, while PEMFCs exposed
to NHj3 for long periods of time tend to show irreversible decay [196]. Furthermore,
the effect of ammonia on the catalyst can be mostly recovered, but contaminated
membranes are more difficult to clean [197]. In addition, Hongsirikarn et al. [198]
found that high relative humidity improves the tolerance of PEMFC to NHj;, with

NH*" decreasing the conductivity by a factor of about 3 when the relative humidity is
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100%, and by a factor of about 55 when the relative humidity is 30%. They also found
that high current densities attenuated the extent of membrane conductivity reduction
caused by ammonia contamination, but promoted NH3s/NH** migration to the cathode.
Temperature did not appear to have a significant effect on ammonia contamination.
6.5.3 Mitigation strategies of NH3 poisoning

To mitigate the toxic effect of NH3, prolonged injection of pure H; into the PEMFC is
the most common scheme. Imamura et al. [199] exposes the PEMFC to 50 ppm NHj3;
for 5 h and then injects pure H,. The voltage is largely restored after about 10 h.
However, with the elevated contamination duration of NH3, a longer recovery time

may be required even at lower concentrations [196], as illustrated in Fig. 17.
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Fig. 17. PEMFC performance during 5ppm NH3 contamination and pure hydrogen
purification [196].
It has also been suggested that at higher potentials (usually >0.7 V), NH*" generates

N via electrochemical reactions, and that expelling N, from the PEMFC can mitigate
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the effect of NH** on performance [200]. In terms of catalyst, Au has a lower N
adsorption energy than Pt, which helps to improve the poisoning of N-containing
species on the catalyst surface. Therefore, Pt-Au may be an alloy catalyst resistant to
NHj3 poisoning effect [201].
6.6 Contamination by SO,
6.6.1 Mechanism of SO, poisoning
As an impurity present in the air, the effect of SO, on PEMFC has also received much
attention.SO, can significantly affect the irreversible degradation of membranes and
Pt catalysts. Many studies have shown that SO, causes a two-stage performance
degradation in PEMFCs, where a sharp drop in voltage/current occurs before
approaching the limiting voltage/current, followed by a second sharp drop [202].
Based on the observations, the current hypothesis is that at least two different
S-containing species adsorb on Pt, one irreversibly adsorbed and the other reversibly
adsorbed [203].
Jing et al. [204] proposed a mechanism for SO, poisoning as follows:
2Pt — S0, + 0, + 4e~ - 2Pt — SO;#(31)
Pt —S0; + H,0 - H,S0, + Pt#(32)
Mohtadi et al. [205] proposed an alternative mechanism of toxicisation as follows:
Pt + S0, & Pt — S0, weak adsorption#(33)
Pt — S0, + Pt - Pt — SO + Pt — O strong adsorption#(34)
Pt — SO + Pt » Pt — S + Pt — O#(35)

SO, absorbed by the Pt catalyst cannot be completely desorbed during
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electrochemical scanning, but remains in the catalyst active sites, which is the reason
why the PEMFC performance is not fully recoverable [168].

6.6.2 Effects of SO, posioning

As shown in Fig. 18, Misz et al. [202] injected SO, at concentrations of 0.1 ppm, 1
ppm and 4 ppm into the cathode air in order to carry out performance tests of
SO,-toxicised PEMFCs. They found that the current continued to decrease with
increasing SO, concentration. 0.1 ppm resulted in a performance loss of only about
2%, but 1 ppm and 4 ppm corresponded to performance losses of 62% and 85%, with
rather limited recovery of the performance loss. It has also been reported that SO,
degradation cannot be fully recovered by detecting the rate of F~ release in cathode

drainage [206].
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Fig. 18. Effect of pollution and recovery of different SO, concentrations on PEMFC
current. Reprinted from Ref. [202] with permission of John Wiley and Sons.
6.6.3 Mitigation strategies of SO, poisoning

6.6.3.1 CV scanning
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CV scanning removes irreversible SO, adsorption due to the fact that S-containing
species adsorbed on Pt are oxidised to water-soluble sulphate at potentials higher than
0.8V. The performance can be restored to some extent as the sulphate is desorbed
from the catalyst surface [207]. The wider the scanning potential, the more favourable
the recovery of PEMFC performance [208]. As for the operating conditions,
increasing humidity [209] and elevated temperature [168] could alleviate the
degradation, the former due to the fact that SO, is easily soluble in water, and
discharging the water could bring out some of the SO,, and the latter may be because
increasing the temperature would promote the desorption reaction of ORR and
S-containing species.

6.6.3.2 SO,-tolerance catalysts

In terms of catalyst development, the metal ligand in the alloy catalyst Pt-M can
weaken the Pt-S bond, which can contribute to the oxidation of SO, at lower
potentials [154]. SO, cannot be adsorbed on Ru, so Pt-Ru catalysts can be prepared to
enhance the anti-SO, poisoning effect of PEMFC. It has been demonstrated that Ru
can be used to reduce the adsorption energy of SO, by changing the electronic
structure at the initial stage and accelerate the formation of SO,* from SO in the
subsequent reaction [210]. In addition, other SO,-resistant alloy catalysts have been
reported, such as Pt3Co [211], Pt3Ni [212] and Pt-Mo [213].

7. Durability improvement measures

7.1 MEA materials

As mentioned above, the performance degradation of in-vehicle PEMFC is essentially
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caused by material degradation. On the basis of cost control to find more stable
materials to be applied to the corresponding components of PEMFC, it is important to
achieve long-life stable operation of PEMFC and simplify the PEMFC system.
Naturally, due to the PEMFC working process often occurs in high acidity, high
temperature and other harsh operating environments, as well as in the automotive
operating conditions appear in a variety of degradation mechanisms, which greatly
improves the difficulty of finding suitable materials to improve the durability of the
PEMFC in all aspects. Since the main part affecting the performance of PEMFC is
MEA, many scholars have improved the durability of MEA by physically or
chemically modifying the membrane, CL (catalyst and support), or even by using new
materials.

7.1.1 PEM

As mentioned above, the main forms of PEM degradation under automotive operating
conditions are physical recession due to cycling of the underlying operating
conditions and- chemical recession due to free radical attack. For the mitigation of
physical recession, reinforced composite membranes can be used to enhance the
mechanical strength of the membranes; for the mitigation of chemical recession,
researchers have typically used two approaches: stabilisation of the polymer groups,
and addition of free radical quenchers [214].

7.1.1.1 Reinforced composite membranes

Currently, the most commonly used PEMs for PEMFC are still PFSA-based sulfonic

acid-based membranes [215] because of their excellent proton conductivity and better
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physical/chemical stability [216]. However, their application in PEMFCs remains
challenging, mainly due to their poor dimensional stability [217,218]. To maintain
high proton conductivity, sulfonic acid-based membranes usually have a high density
of sulfonic acid groups [219]. Under humidified conditions, the hydrophilic sulfonic
acid groups absorb large amounts of water leading to swelling, which causes the
molecular distances of the polymer chains to expand, thus facilitating reactive gas
permeation, known as gas crossover [220]. As mentioned earlier, both mechanical
fatigue due to volume changes in the membrane and free radicals generated by the gas
crossover reaction can adversely affect the durability of PEMFCs. In order to reduce
membrane swelling, researchers prepared reinforced composite membranes by
chemically modifying and physically strengthening the polymer structure.

The use of mechanically stable matrices impregnated with PFSA to prepare reinforced
composite membranes is a widely-used method. Matrices can be divided into organic
and inorganic types. Organic matrices include porous PTFE [221], poly (vinylidene
fluoride) nanofibres [222], and polyacrylonitrile nanofibres [223]; while inorganic
matrices include carbon nanotubes [224], graphene oxide [225], metal-organic
frameworks [226], and metal oxides [227]. Among them, the excellent mechanical
strength of porous PTFE can significantly inhibit membrane swelling [216,228], and
thus porous PTFE-based reinforcement strategies have been widely recognised by
researchers.

In PTFE polymers, the carbon backbone, C-C/C-F bonds and the surrounding F

electron cloud make the molecular structure highly stable [229,230] (Fig. 19(a)),
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which is responsible for limiting membrane swelling and enhancing the dimensional
stability of the membrane body. The surface morphologies of various porous PTFE

films based on these different preparation methods are shown in Fig. 19(b)-(e)

[231-234].
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Fig. 19. (a) Molecular structure of PTFE polymer [230]; (b) paste extrusion-stretching
[231]; (c) pore-forming agent assisted sintering [232]; (d) emulsion electrospinning
[233]; (e) near field electrospinning [234]. Reprinted from Ref. [235] with permission
of Elsevier.

Shi et al. [236] examined the dissolution rates of commercial Nafion 212 (no
reinforcement) and Nafion XL (PTFE reinforcement) at 100% relative humidity with
different temperatures. Nafion XL showed lower in-plane swelling and higher
swelling in the thickness direction at either temperature tested. However, for
membrane mechanical durability, the in-plane swelling rate was significantly more
weighted than the thickness-direction swelling rate [237]. Tang et al. [238] simulated
the in-plane stress changes in membranes with/without PTFE reinforcement under

humidity cycling and showed significantly smaller stress fluctuations in the reinforced
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membranes.

Several other studies have shown that the mechanical properties and dimensional
stability of the membranes were enhanced by the introduction of porous PTFE
reinforcement [239]. However, since PTFE itself has no proton conducting groups, it
may lead to a slight decrease in membrane proton conductivity after reinforcing the
membrane as a substrate [240]. This negative effect can be eliminated as much as
possible by improving the interfacial compatibility through ultra-thin PTFE pads with
high porosity or hydrophilic treatment of hydrophobic PTFE structures [241].

In addition to PTFE, there are also related reports on other matrices as raw materials
for the preparation of reinforced composite membranes. He et al. [242] prepared
sulfonated carbon nanotube/Nafion composite membranes by a self-assembled sol-gel
process. The Su-CNTs significantly enhanced the ordering of the PFSA, which led to
less curvature of the proton transporting water channel network. Addtionally, the
reinforcement of the membranes by Su-CNTs limited the rearrangement of the Nafion
backbone. This helps the membrane to maintain a high proton conductivity and
increase the operating temperature and lifetime of the membrane. Some researchers
also chose to find stable, inert materials in electrospun polymers as membrane
reinforcement, such as sulfonated polyetherketones [243], poly (vinylidene
fluoride-co-hexafluoropropylene) [244], etc. Liu et al. [245] modified the surface of
PVDF-HFP nanofibres with polyelectrolytes and doped them into membranes, which
improved the mechanical stability of the membranes while maintaining a proton

conductivity of 106 mS cm™ of proton conductivity. Cavaliere et al. [246] found that
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the ionic cross-linking effect of PFSA and polybenzimidazole could form highly
interconnected proton conducting surfaces, enhancing the stability of the composite
membranes with some improvement. Thiele et al. [243] used the inkjet printing
method to fill the Nafion with electrospun sulfonated polyetherketone to effectively
reduce the resistance of the ionic membranes and enhance the power density. The test
results of humidity cycling and OCV conditions showed no significant degradation in
terms of H, permeation current.

7.1.1.2 Modification of molecular structure

Chemical degradation of membranes is mainly caused by the presence of reactive
groups in their own chemical structure, so structural modification to eliminate reactive
groups is an effective method. For instance, replacing H-containing end groups with
inert groups or shortening the side chains by removing tertiary carbon bonds (-CF)
and ether bonding carbon atoms (-O-CF,) in the side chains can effectively reduce the
degradation due to free radical attack [15]. Li et al. [247] investigated the effect of
long-side-chain. ionomer membranes (Nafion) and short-side-chain ionomer
membranes (Aquivion) on the durability of the membrane. The results of accelerated
aging tests showed that the maximum power drop of the short-side chain ionomer
membranes was about 2%, while the maximum power drop of the short-side chain
ionomer membranes was about 1.5 times. The results of the accelerated aging tests
showed that the maximum power drop of the short side chain ionomer membrane was
significantly less than that of the long side chain ionomer membrane.

DuPont used fluorine to treat fluoropolymers in order to convert unstable end groups
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in the membranes to -CF; [248], and this method has also been used by several
researchers for related studies [249]. Cheng et al. [250] pretreated the ionomers prior
to membrane casting by hydrothermal decarboxylation, which significantly mitigated
the chemical decline of the membranes while maintaining consistency with the
pristine membrane equivalents and proton conductivities.

In addition, partial structural modification is also a more common means of
membrane modification, such as grafting [251] and copolymerisation [252]. This
usually changes the existing manufacturing process steps to some extent, often
making the cost higher. The complex synthesis methods of PFSA ionomers also
hinder more diverse molecular designs. The use of fluorine-free ionomers, such as
aromatic ionomers, has been proposed to increase the flexibility of molecular
design.Miyatake et al. [253] synthesised poly (phenylene) PEMs, which consisted of
only phenylene and sulfonic acid groups, and exhibited high PEM conductivity and
excellent oxidation resistance over a wide range of humidity due to the absence of
heteroatom bonds. The proton conductivity and stability of its molecular structure and
initial state were retained under Fenton's reagent and OCV working condition tests.
7.1.1.3 The use of free radical scavengers

Since the chemical degradation of membranes is essentially the result of a series of
chemical reactions, and the reactants are free radicals and polymer ionomers.
Therefore, removing free radicals to prevent them from reacting with the reactive
groups in the membrane can likewise alleviate the chemical degradation of the

membrane. Based on this idea, free radical scavengers (FRS) has been introduced into
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PEM. Compared to membranes, FRS can preferentially react with free radicals,
making polymers immune to chemical degradation. Generally, FRS is introduced
during membrane casting without changing the manufacturing process, which is
easier to achieve compared to modifying the reactive groups of the ionomer [248]. In
conjunction with the PEMFC operating environment, FRS needs to meet the
following requirements: (1) preferentially react with free radicals; (2) be able to be
regenerated in a manner that allows for long term efficacy; and (3) be insoluble in
acidic aqueous media.

FRS can be classified into organic and inorganic groups, with the former including
L-ascorbic acid, terephthalic acid, a-tocopherol, and benzoquinone derivatives [254],
whereas the latter contains Ce-based ionic or oxide states and metal compounds of
Mn, Cr, and Co [255,256]. The Ce-based FRS, which is widely used in practical
applications, is introduced here as an example. Ce-based oxides usually exist in the
form of Ce,0; and CeO;, which correspond to Ce** and Ce*', respectively. The
interconversion of Ce,03 and CeO, makes Ce-based materials feasible to be used as a
FRS. Ce"* can oxidise certain components produced during PEMFC operation, such
as H,0,,-O0H and H, (see Fig. 20), and the reduction product Ce** can be oxidised to
Ce*" by OH, thus establishing a regeneration cycle. Ce is usually added to ionomer
dispersions in a certain ratio, and the introduction of FRS is achieved by mechanical
mixing and subsequent casting [257]. Certain Ce salts can also be used as precursors
for Ce-based oxides [258].

Most researchers have made Ce-based oxides in the form of nanocrystals randomly
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dispersed in ionomers. The Ce-based oxide particles are mainly adjacent to the
sulfonic acid group to improve the dispersion of the particles in the PEM. In addition,
the ratio of Ce® to Ce** plays an important role in the free radical scavenging effect
[259]. Ce*" is often accompanied by oxygen vacancies, which provide reaction sites
for scavenging free radicals, and an increase in this site significantly improves the free
radical scavenging efficiency [260]. It has also been found that larger particles of
Ce-based nanoparticles are more effective than smaller particles, which can be
attributed to differences in particle surface activity [261].

Many studies have shown that appropriate levels of Ce-based oxide doping can
significantly mitigate chemical degradation [257,262]. Wang et al. [258] concluded
that too much or too little Ce-based oxides can lead to a decrease in chemical stability
by analysing the SEM images of PEMSs subjected to the action of free radicals.
However, due to the fact that the actual working environment of PEMFC is more
complex than that in Fenton's reagent, there are some differences between in-situ and
ex-situ tests. This is due to the fact that in in-situ testing, even if the Ce-based oxide
particles are fully leached, they can scavenge free radicals from the solution, but the

leached Ce-based oxide particles in PEMFC will not act as FRS [263].
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Fig. 20. Schematic diagram of e-PTFE reinforced PEM containing ceria as FRS.
Reprinted from Ref. [263] with permission of John Wiley and Sons.

Ce-based oxides still have some shortcomings: the electric field may cause migration
of Ce ions, which is toxic to the PEMFC; and the Ce particles may coordinate with
the sulfonic acid group in the membrane, leading to a decrease in proton conductivity
[264]. In order to obtain better FRS results, researchers have conducted numerous
studies to improve the above mentioned deficiencies, and the migration of Ce-based
oxides can be mitigated by immobilisation, such as the use of fillers with excellent
mechanical properties as described previously, such as multi-walled carbon nanotubes
[265], organosiloxane polymer mesh [264], and TiC [266], etc. The migration of
Ce-based oxides can be mitigated by immobilisation. As for the decrease in proton
conductivity caused by Ce-based oxides, it has been suggested that a potential
solution exists by functionalising the surface of Ce-based oxide nanoparticles with
proton conducting functional groups or polymers such as HPA, fluorophosphonic acid

or silica supports grafted with sulfonic acid groups [267,268]. In addition, in order to
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minimise the loss of performance due to the introduction of Ce-based oxides, it is
necessary to improve their scavenging efficiency of free radicals in order to reduce the
Ce-based oxide content in the membrane.

7.1.2 Catalysts

Due to the promising ORR performance, the preferred choice of catalysts for
PEMFCs has so far been Pt-based materials. However, as previously reviewed, Pt
catalysts under automotive operating conditions face a rather unstable operating
environment, which can lead to the following forms of Pt degradation:
electrochemical Ostwald ripening; Pt migration and deposition; Pt growth and
agglomeration; corrosion due to contamination by impurities, and so on. Consequently,
researchers have sought to further enhance the stability of PEMFC catalysts to
achieve long-life operation. Currently, the following aspects have been reported:
modification of the Pt particle structure; enhancement of the interaction between Pt
particles and supports; and the use of corrosion-resistant supports. Research on
corrosion-resistant supports is detailed in the review of carbon supports in the next
section, and this section focuses on the first two.

7.1.2.1 Core-shell structure catalysts

One way of optimizing the structure is to use Pt-based core-shell catalysts, exploiting
the synergistic interaction between the core and shell in order to improve the ORR
activity and stability of the catalysts in complex reaction environments [269]. The Pt
utilization of Pt-based core-shell catalysts is also higher due to the fact that only the

atoms on the surface portion of the catalyst are in contact with the electrolyte and act
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as catalysts in the ORR reaction [270]. Several studies have shown that this catalyst
has shown better ORR activity and durability [271,272]. The Pt skin structure is a
more stable structure due to the negative bias energy, and its growth-limiting behavior
as well as the inhibition of surface oxide formation illustrate the stability of the
Pt-based core-shell structure [273].

Some researchers have chosen to dope the nucleus with non-metallic elements to
achieve high stability [274-276]. This is because the relatively high electronegativity
of non-metallic elements gives them a strong affinity for Pt atoms, which helps to
inhibit Pt dissolution [277]. It has been documented that the incorporation of
non-metallic elements in Pt-based catalysts can weaken the performance degradation
brought about by the Fenton reaction [278]. He et al. [279] prepared Pd-P interlayer
core-shell Pt nanocrystals by deposition of a layer of Pt atoms on amorphous
Pd-phosphide cores as a shell structure. The high corrosion resistance of the
disordered a-Pd-P and the strong interaction between the Pt shell and the internal
amorphous Pd-P significantly improved the durability of the catalyst. The catalyst
achieves a mass activity of 4.08 A mg'lpt and 1.37 A mg'lpd+pt at 0.9 V. Moreover, the
loss of activity is only about 9% after 50,000 potential cycles, and the structural
deformation that occurs is very subtle.

The use of a stable metal as the core is also a common approach. During the potential
cycling of Pt-based core-shell catalysts, unstable nucleolytic dissolution usually
occurs, leading to the destruction of the catalyst structure and greatly affecting its

durability [280]. The introduction of a stable metal element as the core can effectively

60



Journal Pre-proof

alleviate this problem. Wang et al. [281] reported a catalyst by depositing Pt on the
surface of Pd icosahedral crystal species. Its utilization of the interaction between the
Pt shell and the Pd core resulted in an approximately fourfold increase in the mass
activity of the catalyst at 0.9 VV over commercial Pt/C even after 10,000 potential
cycles. In another study by Wang et al. [282], it was also shown that the core-shell
concave decahedral catalysts formed by Pd cores and Pt shells exhibited significantly
higher mass activity than the pristine Pt/C catalysts after accelerated aging tests. Hu et
al. [283] prepared Ti-Au@Pt/C catalysts, where protective TiO, and Au cores at the
apex position of the edge cores suppressed the catalyst's potential cycling during
dissolution and the loss of cell performance was negligible. Tao et al. [284] inserted
atomic Pd interlayers into 1D Pd/Pt core/shell nanowires, resulting in a significant
improvement in the catalytic stability of sub-nanometer Pt shells during ORR. The
Pd/PdAu/Pt core/shell nanowires exhibited a degradation rate of only 7.80% in ORR
mass-activity after 80,000 potentiostatic cycles. The Pd cores did not dissolve,
preserving the overall sandwiched core/shell nanostructures intact. Other researchers
have also made attempts to use Pt-based alloys as core materials, such as octahedral
nanocrystals composed of face-centered tetragonal Pt-Co cores and ultrathin Pt shells,
and after 30,000 accelerated aging tests, there was no significant change in the
catalyst structure. The half-wave potentials and mass activities dropped by 11 mV and
21%, which indicated its good durability [285]. Some typical studies of core-shell

catalysts are shown in Fig. 21.
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Fig. 21. (a) Typical synthesis of the amorphous-crystalline Pd@a-Pd-P@Pt. Reprinted
from Ref. [279] with permission of American Chemical Society; (b) Synthesis
schematic of Pd/PdAu/Pt NWs. Reprinted from Ref. [284] with permission of
American Chemical Society; (c) Changes of MAs for electrocatalysts before and after
different potential cycles. Reprinted from Ref. [284] with permission of American
Chemical Society.

7.1.2.2 Highly-ordered alloy catalysts

Modification of Pt catalysts has also been carried out by alloying Pt with some
transition metals. However, the prepared Pt-based alloys are usually disordered solid
solutions due to the presence of diffusion barriers, which is detrimental to the stability
of the catalysts in the PEMFC operating environment [286]. In recent years,
researchers have developed alloy catalysts with fixed stoichiometric ratios and highly

ordered atomic structures, in which the atoms of each constituent element are ordered

in a specific crystallographic direction and their metal atoms interact through strong d
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orbitals [287], which makes this class of catalysts more durable [288].

Yoo et al. [289] reported a catalyst prepared by direct thermal decomposition of
carbon supports on [Fe (bpy)s][PtClg] to synthesize nanoparticles with a Pt/Fe atomic
ratio of 1:1. The high atomic ordering of this catalyst fully ensured that the Fe-Pt
nanocrystals were not easy to agglomerate and dissolve during the ORR process, and
the specific activity was almost unchanged after 20,000 potentiostatic cycles. Zhao et
al. [290] synthesized N-doped ordered Pt-Ni cores with Pt shells by annealing in
NH3.The N-doped surfaces elevated the alternately stacked Nis-N portions along the
[001] direction and the Pt layers for the formation of ordered structures, thus
enhancing the long-term stability of the catalyst. In addition, doping of high melting
point metals to modulate the local coordination environment has been shown to be an
effective way to enhance the catalyst activity. Lin et al. [291] prepared Pt-Co-Mo
catalysts, where Mo doping led to the optimization of the electronic structure of the
catalyst surface, reducing the Co exudation during the potential cycling and enhancing
the durability. Liang et al. [292] introduced a small amount of W, which also served to
stabilize the ordered intermetallic structure to ensure that the catalyst maintains
long-term stability during PEMFC operation.

Although some Pt-based alloy catalysts such as Pt-Fe, Pt-Co show favorable activity
and stability, they are susceptible to the formation of Fenton reagents with H,0O,
which can lead to the degradation of membranes and CL [293]. To avoid this problem,
compounds can be formed using metal elements without Fenton activity. For example,

nanocrystals of Pt-Zn have been prepared to inhibit the formation of reactive oxygen
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species through the element Zn to suppress the Fenton reaction [294]. The
introduction of rare earth elements, such as La, can also effectively alleviate the
problems of catalyst dissolution and reactive radical generation [295]. In addition,
Pt-based alloy catalysts usually require a fixed stoichiometric ratio, typically 3:1 or
1:1. changing the stoichiometric ratio of the nanoparticles usually destroys the ordered
structure of the catalyst, which in turn reduces its stability. Sometimes a third metal
element can be introduced to partially replace a certain amount of a metal in the alloy
catalyst in order to safeguard the ordered structure [270].

7.1.2.3 Strong metal-support interaction (SMSI)

Weak interactions between metal nanoparticles and support materials are also an
important reason for the poor stability of Pt-based alloy catalysts, so enhancing the
interactions between Pt particles and supports is also a feasible way to improve the
stability of catalysts. Strong metal-support interactions can promote the electron
transfer between metal nanoparticles and supports, optimize the electronic structure
on the surface of Pt nanoparticles, and effectively inhibit the dissolution, migration
and aggregation of metal nanoparticles, thus improving the stability [296].
Heteroatom-doped carbon materials not only create more sites for the immobilization
of metal nanoparticles. It also enhances the polarity and conductivity of the carbon
supports, thus increasing the interaction between the supports and the metal
nanoparticles. Boron atoms are similar in size to the carbon atoms and can easily
replace the carbon atoms in the backbone [297]. Liu et al. [298] achieved

mono-dispersity of Pt nanoparticles on supports by doping boron. The resulting
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Pt/(BC)600 showed a 19.7% decrease in mass activity after 10,000 accelerated aging
cycles, which was much better than that of commercial Pt/C (58.7% decrease).
N-doped C also works well, as the lone electron pair of N alters the electronic
properties of the carbon support, which facilitates the enhancement of the interactions
between the support and the catalyst particles [297]. Lin et al. [299] used the N doped
graphitic carbon nanosheets as supports to achieve uniform dispersion of Pt catalyst
particles. The interaction also weakened Pt-O, which inhibited Pt dissolution and
improved catalyst stability. Some researchers have also produced strong metal-support
interactions by introducing metal oxides. Gao et al. [300] used highly dispersed Ta,0Os
modified carbon nanotubes as supports to stabilize the Pt nanoparticles and enhance
the metal-support interaction. The fabricated catalyst had a large ECSA of 78.4 m?
g7 at 0.9 V and a mass activity of 0.23 A mgp. The degradation of ECSA and
half-wave potential was insignificant after 10,000 potential cycles.

In addition, the introduction of oxygen vacancies on the oxide support further
modulates the Pt electronic configuration, which contributes to high durability. This is
because oxygen vacancies modulate the energy band structure of metal oxides,
increase their conductivity and facilitate electron transfer [301]. Meanwhile,
appropriate levels of oxygen vacancies can further enhance the metal-support
interactions, which in turn enable Pt nanoparticles to have higher migration energy
barriers and inhibit their agglomeration [302]. Li et al. [302] prepared a series of
CNT@SnO, as a support with precisely adjustable oxygen vacancy concentrations,

and the strong metal-support interactions resulted in greater adsorption energy of the
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Pt atoms, and the stability of the catalyst was very impressive. After 50,000 potential
cycles, the negative half-wave shift of the Pt-CNT@SnO, sample was only 11 mV,
and the mass activity and specific activity at 0.9 V only decreased by 20.5% and
10.3%, respectively. Fig. 22 shows additional attempts to enhance catalysts through

SMSI [303-305].
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Fig. 22. (a) Schematic drawing of synthesizing highly graphitized NGC for loading Pt
nanoparticles (Pt/NGC). Reprinted from Ref. [303] with permission of John Wiley
and Sons; (b) Schematic diagram of Pt-Ta,Os-CNT nanoparticles. Reprinted from Ref.
[304] with permission of American Chemical Society; (¢) MAs and SAs of
Pt-CNT@SnO,-400 at 0.9 V during ADT. Reprinted from Ref. [305] with permission
of Elsevier.

7.1.3 Catalyst support

Stable support materials are important for durable catalysts and even for improving

the lifetime of PEMFCs. Carbon black (or Vulcan carbon) is still used as a support
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material for most PEMFCs due to its good electrical conductivity and high specific
surface area, which facilitates fast electron transport at the electrodes and good
distribution of the Pt catalyst [306]. However, as mentioned earlier, the corrosion of
the carbon support due to some of the working conditions has serious adverse effects
on the stability of the catalyst, including Pt dissolution, migration and Ostwald
ripening at the electrode surface. Combined with the working environment inside the
PEMFC, the catalyst support should have good electrochemical stability, high specific
surface area, high conductivity, excellent pore structure and strong anchoring effect
with the catalyst particles. At present, there are two main methods to alleviate the
carbon corrosion problem of PEMFC: (1) using novel carbon materials; (2) finding
alternative materials.

7.1.3.1 Novel carbon materials

In terms of novel carbon materials, the study by Stonehart et al. [307] firstly
established a link between carbon structure and ORR rate. They found that graphitic
carbon with smaller grain spacing was more resistant to galvanic corrosion. It has
been shown that increasing the degree of graphitization of carbon materials improves
their resistance to sintering, which hinders the growth of Pt particles [308]. Therefore,
highly graphitized carbon materials such as carbon nanotubes, carbon nanofibers and
reduced graphene oxide may be promising carbon support materials for PEMFC
[309,310]. Li et al. [311] found that a support made of carbon black mixed with
reduced graphene oxide significantly improved the stability of Pt catalysts. After

20,000 potential cycles, the loss of ECSA was only about 5%, while the loss of
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commercial Pt/C could reach almost 50%. Popov et al. [312] prepared N-doped
mesoporous graphitic carbon supports by pyrolysis of M-chelates adsorbed on carbon
black. Using this support, the maximum power density loss of the battery after 30,000
potential cycles was 26%, whereas the loss of the commercial Pt/C counterpart was
52%.

However, the hydrophobicity of the graphitic carbon particle surface is not conducive
to Pt dispersion. More et al. [313] found that Pt particles tend to preferentially
accumulate in the cleavage- and defect-rich edge sites of the graphitic carbon
structure rather than nucleating on the highly graphitic and chemically inert surfaces,
which results in susceptibility to agglomeration in the regions where Pt is not
uniformly accumulated. To address this problem, graphitized carbon can be modified
by non-covalent polyelectrolyte functionalization [314] and strong oxidation [315].
7.1.3.2 Alternative materials

For alternative materials used as catalyst supports, such as certain carbides, oxides
and nitrides, which exhibit higher corrosion resistance and thermal stability than
conventicnal carbon materials, they are considered as new candidate supports for
Pt-based catalysts.

7.1.3.2.1 Carbides

For carbides, they are generally compounds containing C and elements with lower
electronegativity. They have similar electron densities to Pt at the Fermi energy level
and, therefore, can enhance catalytic activity through synergistic interactions [316].

WC serves as an attractive support material for supports due to its high chemical
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stability and good electrical conductivity, and, furthermore, it also exhibits
outstandingly strong metal-support interactions [317]. Bott-neto et al. [318] compared
cubic suborbital (B-WC;.4/C) and hexagonal (a-WC/C) types of W-C, with the former
having a specific activity 3.6 times higher than that of commercial Pt/C, which stems
from the increase in vacancies in the Pt 5d band, reducing the interactions of
oxygen-containing species, and thus leading to rapid O-O bond breaking and slower
adsorption rates. Yurtsever et al. [319] found that the mass-activity of WC nanorod
support when the Pt nanoparticles were uniformly and completely covered, had
superior mass activity to commercial Pt/C and almost no loss of ECSA after 3,000
cycle experiments.

Mo,C has also received attention. when used as a Pt-supporting multi-walled
nanotube material, showing superior mass activity of up to 150 mA mg e, followed
by PYWC (127 mA mg?s), and commercial PUC of (39.5 mA mg?) [320].
Nanocrystalline Mo2C is the commonly used structure in most studies [306,321].
Elbaz et al. [322] used a one-pot synthesis of Mo,C with a Pt precursor resulting in a
unique catalyst structure in the form of nano rafts. The catalyst exhibited only a 10%
loss of ECSA after 5,000 cycles in an accelerated stress test program. The electronic
interactions in the nano-rafts arise from the stronger binding of Pt atoms to the Mo,C
surface through the formation of Pt-C. The Pt/Mo,C catalyst prepared by Saha et al.
[323] achieved a power density 111% higher than that of Pt/C after 30,000 AST cycles.
For other carbides, such as TiC, ZrC, NbC, etc., only a few researchers have carried

out relevant studies on them.
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7.1.3.2.2 Oxides

In the application of oxides, Ti-based oxides have better CO resistance and durability,
which has brought them to the attention of many researchers. Doping of Ti-based
oxides with other elements such as Nb, Ta, Ru, etc. is a common way to enhance the
durability of the support as the doped metals lead to changes in the chemical state,
crystal structure, and electrical properties, which can be used to mitigate the
deficiency of the other elements to some extent [324,325]. After doping, many studies
have confirmed the reduction of ECSA loss after AST cycling. For example, it has
been reported that the ECSA loss of Pt/Ta-TiO; is claimed to be only 51% of that of
commercial Pt/C [326]. Choi et al. [327] investigated Nb-doped TiO, supports for Pt
catalysts, and excellent stability was observed on optimized samples with 4 mol% Nb
in the support, with only a 15% ECSA loss compared to 55% loss of commercial Pt/C
after 25,000 AST cycles, with only 15% loss of ECSA. excellent performance can be
further observed by single cell durability testing at 10,000 cycles. Where Pt/Ti-Nb4
exhibits only 20% current degradation at 0.6 VV compared to 85% loss for the Pt/C
sample.

The use of doping with other elements to improve the properties of the original
support material is a more common approach, which has been used by several
researchers to investigate SnO, as a PEMFC support material using doping elements
such as Sb [328], Nb [329], Ta [330], F [331], etc., in order to improve the
performance and durability. Mohanta et al. [332] found excellent stability of Pt/ATO.

After 70,000 AST cycles, the loss of ECSA was only 14%, whereas the catalyst
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TK-20, which used carbon black as support, lost 50% of its ECSA. They attributed
the stability of the catalyst to the "electrochemical transistor effect" in the high
potential region due to the reduced surface conductivity, which prevents the
dissolution of the Pt particles.

For the doping of other elements, some way of performance tuning is also required.
For example, the poor electronic conductivity of Pt/Nb-SnO, leads to a lower
electrochemical activity than Pt/ATO [329]. A study aimed to overcome this problem
through a network of fused aggregates between Nb and SnO, nanoparticles by partial
necking [333]. Meanwhile, a study demonstrated the melt aggregation structure of
Ta-doped SnO; with a conductivity about 40 times that of Nb-SnO,.s. The durability
of Pt/Ta-SnO,.s was superior to that of commercial Pt/C after 1,000 h of MEA testing
with only 0.016% dissolution of SnO, [330]. Other researchers have conducted
Ta-doping studies and showed that Pt/Ta-SnO, retained 81% of ECSA after 6,000
cycles, had higher electrical conductivity than its Nb-SnO, counterpart, and possessed
superior durability than its ATO counterpart in MEA tests, and could be used as a
promising metal dopant for carbon-free Pt supports [334].

7.1.3.2.3 Nitrides

In contrast to carbide and oxide materials, most nitride materials have not been
investigated as catalyst support in PEMFC, with the exception of TiN, which is highly
resistant to corrosion in acidic and oxidizing environments and interacts with the
catalyst. Contrary to oxides, TiN does not suffer from surface passivation due to the

formation of oxide layers [335]. In addition, NB is also a new Pt support material and
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some studies have shown that it shows good performance and durability [336]. With a
larger ECSA compared to Pt/C [337], Pt/TiN has less ECSA loss and no significant
change in its double layer capacitance, indicating that this catalyst has better stability
in the PEMFC operating environment [338]. Nanostructured TiN has been widely
used as a Pt catalyst support to achieve higher ECSA. Pan et al. [338] used TiN
multi-hollow nanotubes as a support for Pt catalysts and maintained up to 77% ECSA
after 12,000 cycles of AST test, while the ECSA of Pt/C catalysts was reduced to 45%
of the initial value after just 4,000 cycles. Perego et al. [339] used graded TiN thin
film MEA as a Pt support with mesoporous structure by pulsed laser deposition and
successfully achieved only 13% reduction in ECSA after 15,000 AST cycles.

Other researchers have doped TiN with different elements such as O [340], Co [341]
and Ni [337]. O was introduced with the aim of overcoming the instability of TiN at
high oxidation potentials. Chin et al. [342] demonstrated that ALD-assisted TiOxN1.«
samples have good resistance to degradation. Whereas, the introduction of ORR
active elements such as Co and Ni helps to increase the value of the half-wave
potential [341], and, XPS analyses yielded an increase in Pt (0) species and a decrease
in Pt (1) species upon the introduction of Co or Ni as well as a negative shift in the
binding energy of Pt 4f, which suggests that the TiN alloys with transition metals can
provide more electrons to the Pt atoms [337], making the affinity between Pt and
intermediate oxide species weakened and ORR activity increased [343]. Moreover,
OH species can be adsorbed on TiN or Tip9C0o1N supports, which reduces the OH

coverage on Pt catalysts and increases the number of vacant sites for O, adsorption,
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resulting in improved ORR activity and durability [344]. Researchers have also
observed that the SMSI and synergistic effects between Pt nanoparticles and transition
metal alloyed TiN inhibit the aggregation or segregation of Pt nanoparticles, leading
to improved stability [345]. Jiang et al. [346] prepared an advanced catalyst support
based on vertically aligned titanium nitride nanorod arrays (TiN NRs) (see Fig. 23),
and a thin film PtPdCo catalyst with a Pt loading of 66.9 pm cm™ was supported onto
TiN NRs to serve as the cell cathode. The results of the 2,000 potential cycles
accelerated degradation test indicate that the PtPdCo-TiN electrode is more stable

than the commercial gas diffusion electrode.

(a) - (b)

o

Fig. 23. (a) TiN NRs; (b) Fresh PtPdCo-TiN NRs; (c) PtPdCo-TiN NRs after

annealing at 400°C. Reprinted from Ref. [346] with permission of John Wiley and
Sons.

Porous boron nitride is an ultrafine Pt nanoparticle support that has attracted the
attention of researchers in recent years. Electron-rich nitrogen atoms and

electron-deficient boron atoms facilitate the electron-feedback process, which has a
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strong anchoring effect on Pt nanoparticles [336]. The excellent durability of Pt/p-BN
catalysts has also been observed, with a minimum ECSA drop of only 0.62% after
10,000 AST cycles. This was attributed to the strong catalyst-support interaction and
the high tolerance of p-BN to the acidic operating environment in PEMFC [347].
Even though not many studies on p-BN have been conducted so far, Pt/p-BN is
expected to reveal advances in highly active and durable PEMFC catalysts.

7.2 Bipolar plates and flow fields design

The bipolar plate is an incredibly important component of a PEMFC stack, where its
design significantly affects the output performance, weight, and cost of the PEMFC.
Since the bipolar plate connects single cells to form a stack as well as collects and
transfers the generated current from one cell to the next, its durability, electrical
conductivity and thermal conductivity are required. Furthermore, the bipolar plate
should ensure the uniformity of gas distribution on the electrode surface with the
effectiveness of removing exhaust gases and product water, the former to avoid the
occurrence of hotspot formation that leads to localized high current density, which in
turn makes the cell less durable, and the latter to avoid the possibility of flooding that
hinders mass transfer [348].

7.2.1 Metallic bipolar plate optimization

Common materials used for bipolar plates are graphite, polymer materials and metals.
While graphite is widely used and has excellent hydrophobicity and corrosion
resistance, its brittleness and low strength limit it in the application scenario of

automotive power sources. In addition, machining flow channels on graphite is more
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expensive [349]. Polymer materials, such as thermoplastic or thermoset plastics, have
limited use due to the low electrical conductivity [350]. Metallic bipolar plates are
preferred as the material for automotive PEMFCs due to the ease of fabrication,
mechanical properties, excellent electrical and thermal conduct ability [351]. This
section analyses the use of metallic bipolar plates.

7.2.1.1 Degradation of Metallic bipolar plate

While metal bipolar plates are suitable for automotive applications, they are prone to
degradation. The acidic environment, high operating temperatures, and harsh
conditions such as dynamic loads, start-up and shutdown, and idling during in-vehicle
operation cause high voltages on the bipolar plates and lead to corrosion [352,353].
Chapter 6 describes how the metal detaches from the bipolar plate as the
corresponding cation; such procedure contaminates the membrane/CL and accelerates
the degradation of the PEMFEC. Additionally, an oxide film forms on the metal bipolar
plate, increasing the contact resistance and reducing the efficiency and performance of
the PEMFC [354]. Therefore, improving the corrosion resistance of the metal bipolar
plate is crucial for achieving long-term operation of automotive PEMFCs.

Stainless steel is currently the most widely used material for metal bipolar plates due
to the abundant varieties, low cost, and certain degree of chemical stability [355].
However, it is limited by the susceptibility to corrosion. Multiple studies conducted
by combining various types of stainless steel with different elemental components to
achieve corrosion resistance. Certain transition metals, including Cr, Mo, and Ni, can

improve the corrosion resistance of stainless steel by forming an oxide layer on the
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surface of the bipolar plate [356,357]. However, this oxide layer can negatively
impact electrical conductivity due to the high resistance, resulting in a significant
decrease in the output power. The use of a simple metal oxide layer alone is
insufficient in achieving a satisfactory stainless steel bipolar plate [358].

7.2.1.2 Coating materials

At present, the best way to improve corrosion resistance and reduce contact resistance
is the applications of coatings to the stainless steel surfaces. The most commonly used
coating materials are carbon and metallic substances [359,360].

7.2.1.2.1 Carbon materials

Carbon material is commonly used as a coating material for metal bipolar plates due
to the excellent corrosion resistance and high electrical conductivity [359]. A single
layer of amorphous carbon used as a film coating provides durability and low contact
resistance, which helps protect the bipolar plate from corrosion. This issue has been
investigated by several scholars. Li et al. [361] investigated the effect of different
frequencies of pulsed DC sputtering power on the generation of graphite nanoclusters
in carbon coatings. They observed a stronger tendency for graphite nanoclusters
generated at medium frequencies. These graphite nanoclusters form micro primary
cells with the coating and the solution, leading to the depletion of the clusters and
protecting the carbon coating. As a result, the coating durability is significantly
improved. In addition, the coating results in a low interfacial contact resistance
between the bipolar plate and the GDL. Yi et al. [362] demonstrated that the thickness

of the a-C coatings significantly affects the durability. Thick coatings often have
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multiple vacancy defects due to stress relaxation, which reduce the densification and
durability. Thin coatings may not provide satisfactory corrosion resistance due to the
amorphous transition layer present underneath them.

However, the durability of this coating in harsh environments does not yet meet the
corresponding durability requirements for PEMFCs in vehicle applications [350].
Additionally, the low deposition rate and the possibility of peeling also limit its
further commercialization. Scholars have used two main approaches to improve the
performance of coatings: deposition of multilayer carbon coating materials and
doping of metallic elements. The adhesion of the multilayer coating on stainless steel
is stronger than that of the single-layer coating. This can effectively improve the
corrosion resistance of the stainless steel bipolar plate and maintain the electrical
performance [363]. Doping certain metal elements can release residual stress within
the coating and increase atomic diffusion rate, improving adhesion and overall carbon
coating performance [364].

7.2.1.2.2 Metal materials

7.2.1.2.2.1 Transition metals

Metal coatings can be mainly classified into two types: transition metal coatings and
inert metal coatings. Transition metals have better electrical properties and corrosion
resistance compared to carbon materials. Stainless steel contains a certain amount of
transition metals, which results in better adhesion of transition metal coatings on
stainless steel bipolar plates [365]. Li et al. [366] prepared tantalum-modified coatings

on the surface of 316L SS; test results indicated that the bipolar plates achieved a
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higher self-corrosion potential compared to the bare substrate. The corrosion current
densities were 1.95 pA cm and 0.14 pA cm™ under simulated cathodic and anodic
conditions, respectively. Additionally, the Ta coatings improved the hydrophobicity
and electrical conductivity of the bipolar plates. Dong et al. [367] prepared a
chromium-rich coating on the surface of stainless steel using an encapsulated
chromium penetration process. Kinetic potential polarization tests revealed that the
bipolar plates with the coating had ultra-low corrosion current densities of 0.264 and
0.222 puA cm’ under simulated anodic and cathodic conditions, respectively. This was
attributed to the excellent protective effect of the formed chromium carbide and
passivation films.

Transition metal carbides have been used as coating materials to improve the
performance of stainless steel bipolar plates. In a study by Wang et al. [368],
molybdenum carbide coatings were deposited on 316L stainless steel surfaces using
magnetron sputtering, resulting in a uniform and dense surface. It was found that
thicker coatings improved corrosion resistance. The best corrosion current densities of
0.23 pA cm? were achieved by using a thin chromium transition layer and a
molybdenum carbide coating with a thickness of approximately 1,052 nm. This
thickness was about three orders of magnitude lower than that of uncoated stainless
steel. Li et al. [369] modified titanium carbide coatings using tantalum and titanium
carbide. During the growth process of the coating, Ta atoms thermally diffuse in the
columnar TiC and react with carbon atoms. The obtained TaC, along with the rest of

the cover layer, effectively inhibited the corrosion of the bipolar plate. The corrosion

78



Journal Pre-proof

current density decreased significantly from 84.016 pA cm™ to 0.092 wA cm™ when
compared with uncoated stainless steel.

Transition metal nitrides have also been studied as coating materials to enhance the
performance of stainless steel bipolar plates [370]. However, although they have
excellent corrosion resistance, the poor electrical properties are the main limited
factors [371]. In fact, some studies have shown that the interfacial contact resistance
of stainless steel bipolar plates with such coatings does not meet the DOE
requirements (<10 mQ cm™) [372,373]. Auxiliary modification may be necessary to
reduce contact resistance.

7.2.1.2.2.2 Inert metals

Inert metals typically exhibit excellent electrical and corrosion resistance properties.
Researchers have utilized this to prepare coatings on stainless steel bipolar plates
[374,375]. Currently, the primary materials used for inert metal coatings are gold and
silver. Huang et al. [374] utilized silver-plated 316 SS bipolar plates treated with a
chemical passivation technique. The passivation process successfully reduced the
occurrence of pinhole defects in the coatings and significantly enhanced the corrosion
resistance of the bipolar plates. The polarization current density of the silver-plated
SS 316L bipolar plates was approximately two orders of magnitude lower than that of
the uncoated bipolar plates in both cathodic and anodic environments. Kumar et al.
[376] conducted correlation tests on 10 nm gold-plated SS 316L and demonstrated
that the corrosion current density under simulated cathodic conditions was less than 1

LA cm™. They also concluded that nanometer-thick gold-plated coatings could meet
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the cost targets for bipolar plates required for commercialization. However, it has
been argued that the corrosion resistance of gold plating depends on the thickness of
the coating. Thin inert metal coatings may not meet the established requirements for
corrosion resistance [377]. Therefore, balancing the cost of expensive inert metals
with the required corrosion resistance of bipolar plates is a main challenge that must
be addressed.

7.2.2 Flow fields design and optimization

During PEMFC operation, the reactants/coolants flow through the flow channel and
generally form a laminar flow that hinders mass transfer [378]. The structural design
of the flow field can change the distribution of reactant gases and liquid water
discharge, which considerably determines the water-gas transport capacity. In turn, the
water-gas transport capacity has a significant impact on the electrochemical reaction
rate, which in turn affects the performance, lifetime and energy consumption of the
PEMFC [379]. However, the homogeneity of the fuel gas, maximizing the reaction
area, minimizing resistance, transporting the right amount of water and large-scale
simple fabrication make the optimization of the flow field design quite challenging.
Scholars have conducted a lot of research on the flow field structure and its
optimization by considering the above factors and combining them with specific
application scenarios.

7.2.2.1 Basic flow fields

Typical types of flow fields are summarized in Fig. 24. In general, there are

conventional flow fields such as parallel, serpentine and interdigitated flow fields
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(a) (b) (c)
(d) (e)

Fig. 24. Schematic diagram of the typical flow fields: (a) Serpentine; (b) Parallel; (c)

[380].

(69

Multi-serpentine; (d) Interdigitated; (e) Spiral; (f) Mesh flow fields. Reprinted from
Ref. [380] with permission of Elsevier.

The parallel flow fields have lower pressure drop and less dependence on external
blowers [381], however, the overall performance is not impressive due to the low flow
rate of the fluid, non-uniform distribution, and poor water removal [382].

The serpentine flow field is the more commonly used flow field option. The structure
enables the forced flow of reactive gas to the whole active region, which improves the
coverage of reactive gas in the CL with better gas distribution, and the high flow rate
of the fluid in the flow field allows the product water to be discharged quickly. It can
be said that this flow field has better water-gas transport characteristics [383,384].
However, the disadvantage is that the excessively long flow path produces a large

pressure drop and parasitic losses increase. Multiple serpentine flow fields can
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alleviate the problem of large pressure drop in single serpentine flow fields [385]. It
has been shown that 4-channel serpentine flow field has better gas distribution and
current density uniformity than single-channel and dual-channel serpentine flow fields
[386]. Besides, there is a corresponding critical length value for the performance of
the serpentine flow field, and if the length is too long, the pressure drop in the flow
field will rise sharply, which is obviously unfavorable to the PEMFC performance
[387]. Therefore, when choosing a serpentine flow field, it should be ensured that the
length of the flow field is less than the critical value.

The interdigitated flow field has a dead-end channel structure and an under-ribbed
GDL transport path, which results in an accelerated longitudinal transport of the
reactant gas and contributes to the removal of liquid water. However, the gas flow
resistance through the porous GDL. is high, and the flow field also requires precise
control of the clamping pressure under the ribs in the PEMFC stacks to maintain
reasonably high porosity of the GDL [388].

7.2.2.2 Novel flow fields

In order to achieve higher current and power densities in PEMFC, the flow field
design is improved towards lower pressure drop, more uniform gas distribution, more
efficient water management, and lower processing, fabrication difficulty and cost.
Optimization and innovation of the original basic flow field to obtain a new type of
flow field with more commercialization potential has become a hot research topic.
Design methods for novel flow fields can be generally classified into three categories:

geometry optimization, built-in baffle optimization and bionic optimization.
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7.2.2.2.1 Geometry optimization

The geometry of the flow channel has a great influence on its water-air transport
capacity, and the improvement of the geometry including the length, width, and height
of the channel, especially the selection of the channel-rib width ratio has been widely
investigated [389,390]. Yoon et al. [391] concluded from single-cell experiments that
smaller rib widths contribute to the mass transfer and can improve the performance of
the PEMFC. Yang et al. [392] concluded from two-dimensional simulations that the
optimum channel-rib width ratio for 2.8:0.5 and 4.2:0.3 corresponded to the best
performance in forward and reverse alignment, respectively. Varghese et al. [393]
found that the best performance was achieved with a rib width ratio of about 1:1 when
there was no assembly pressure; this value became 0.25:1 in the presence of an
assembly pressure. In the different studies, the used research methods and operating
conditions varied, which led to inconsistencies in the resulting optimum rib-width
ratios. It is necessary to consider the effects of gas, water, heat, electricity, and force
on the performance of the PEMFC when selecting the optimum channel-rib width
ratio. Kerkoub et al. [394] designed three types of flow fields, including serpentine,
interdigitated and parallel, with six channels to rib width ratios defined as n (channel
width/rib width) have been analyzed (see Fig. 25). They found that at high operating
voltages, the geometric design and channel-to-rib width ratio have minimal impact on
cell performance. However, at low operating voltages, they have a significant effect.
Additionally, improving cell performance can be achieved by decreasing the channel

width and increasing the rib width.
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Fig. 25. Schematic of PEM fuel cell with various flow field designs and channel to rib
width ratios. Reprinted from Ref. [394] with permission of Elsevier.

The study of cross-sectional shape is an important part of flow field structure design,
which can significantly affect the reactant distribution and liquid water transport
[395,396].Ahmed et al. [397] used numerical simulation studies to analyze the effect
of different runner cross-sectional shapes on the performance of PEMFC in the region
of high current density, and the results showed that rectangular runner cross-section

had the best performance, while trapezoidal runner cross-section was favorable for
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convective mass transfer. Zhu et al. [398] found that the inverted trapezoidal runner
had the largest liquid water saturation coverage, while the rectangular runner with an
aspect ratio of 0.1 had the smallest liquid water saturation coverage. Based on this,
Mohammedi et al. [399] selected a total of 30 cross-sectional shapes and it was shown
that trapezoidal and semi-elliptical base shapes of the runner cross-section have
greater power density than rectangular while inverted trapezoidal and inverted
semi-elliptical have poorer performance. It can be concluded that along the vertical
direction of the runner, the PEMFC performance is better when the edge length of the
cross-section near the GDL side is less than the length of the cross-section on the
principle GDL side. That is because the reactive gas in this cross-section enters the
GDL by forced flow and reaches the reactive sites on the CL quickly to accelerate the
electrochemical reaction and improve the cell performance [400].

Moreover, there have been studies on structural optimization in the horizontal and
vertical directions for the flow field [401]. Fig. 26 shows some of these designs.
Horizontal structural optimization focuses on wave structures [402] and throat
structures [403], in which periodic perturbations are generated by continuously
changing the cross-section of the flow channel, thereby increasing the oxygen
concentration gradient. In addition, the increase in localized flow velocity accelerates
the discharge of liquid water. Vertical structural designs include conical structures
[404], stepped structures [405], and wave structures [406]. Such structures can
significantly improve the vertical transport of oxygen and accelerate electrochemical

reactions.
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Fig. 26. Schematic of the four flow channel designs: (a) straight; (b) wavy; (c)
2D-Nozzle; (d) 3D-Nozzle. Reprinted from Ref. [401] with permission of Elsevier.
7.2.2.2.2 Built-in baffle optimization

Adding baffles in the flow channel can change the gas flow direction and velocity to
effectively enhance convective mass transfer, force the reactive gas to distribute
rapidly and uniformly on the catalyst surface, and accelerate the electrochemical
reaction. The shape, arrangement, size, and structural parameters of the baffle have a
great influence on the performance of PEMFC. Researchers have also conducted a lot
of studies on this. In terms of baffle shape, Ghanbarian et al. [407] analytically
investigated the effect of square, semicircular and trapezoidal baffles on a
conventional DC channel using 3D numerical simulation (see Fig. 27). In their
analysis, the baffles increased the oxygen concentration in the CL and effectively
mitigated the concentration loss in the high current density region due to the

synergistic effect induced by diffusion and advection mechanisms. Among them, the
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trapezoidal baffle has the most significant optimization effect. Whereas,
Ebrahimzadeh et al. [408] combined numerical simulations and experimental methods
and found that triangular baffles provided the maximum performance enhancement in
a double serpentine flow field. The mechanism by which the shape of the baffle
affects the performance of the PEMFC is similar to the shape of the cross-section, that

is, by accelerating the transport process of the reaction gas to the CL.
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dents were embedded in all the dented cases along the channel. Reprinted from Ref.
[407] with permission of Elsevier.

The arrangement of baffles has an impact on the synergistic effect of mass transfer.
Staggered baffles allow for the enhancement of convective mass transfer by
exploiting the pressure drop between neighboring flow paths, which also results in
more liquid water being retained in the flow paths, contributing to an increase in the
membrane water content, thereby enhancing the proton conductivity [409]. Heidary et
al. [410] discovered through numerical simulations that a staggered baffle
arrangement in a parallel flow field resulted in-a 7% increase in the maximum
performance as compared to a parallel arrangement, and a reduction in the pressure
drop of 1.6 kPa. Wang et al. [411] conducted a comprehensive evaluation of baffles
with different numbers, heights and arrangements and found that the non-uniformly
arranged flow field resulted 1n a more uniform distribution of the PEMFC current
density compared to the uniformly arranged one, and the stability of the output
performance was improved.

Regarding the baffle structural parameters, Perng et al. [412] inserted baffles of
different heights and spacings into conical flow channels with different taper ratios
and gap ratios and performed a projected finite element analysis, concluding that high
reactant velocities can effectively improve the concentration polarization and enhance
the performance of the PEMFC at high current densities. Additionally, Chen et al.
[413] found that increasing the return air length of the baffle can effectively reduce

the pressure drop. Changing the size and structural parameters of the baffle can
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improve the PEMFC performance with little increase in cost. Yin et al. [414] analyzed
the trapezoidal baffle by three-dimensional numerical simulation and concluded that
the mass transfer capacity as well as the performance of the PEMFC is optimal when
both the forward and backward inclination angles of the trapezoidal baffle are 45°.
The enhancement of the PEMFC performance by the structural parameters barely
affects the cost, which is the main advantage of this optimization method over other
optimization methods [413]. However, there is a limitation that the variation of
structural parameters may have less impact on the overall PEMFC performance.
7.2.2.2.3 Bio-inspired optimization

PEMFC flow fields have the function of distributing reaction gases, exhaust gases and
liquid water. Biomimetic structures with similar functions are also found in nature.
Several academics have developed bionic structured flow fields to optimize PEMFC
mass transfer and water-gas management capabilities. The main bionic flow fields
include leaf-shaped, lung-shaped and tree-shaped flow fields.

Leaf-shaped flow fields were first proposed by Kloess et al. [415]. Using
computational fluid dynamics (CFD) simulations and experimental methods, they
observed that the pressure loss in a leaf-shaped flow field was reduced by 59.8% and
47.4% compared to a serpentine and an interdigitated flow field, respectively, while
the peak power density increased by 30%. Roshandel et al. [416] indicated that the
uniformity of the reactant distribution was better in a leaf-shaped flow field. Liu et al.
[417] concluded that a vertically-placed asymmetric leaf-shaped flow field results in

better PEMFC performance compared to a symmetric leaf-shaped flow field. Ginkgo
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biloba-shaped flow field [418] and leaf-shaped interdigitated flow field [419] (see Fig.
28) have also been reported, which have better performance in terms of velocity

distribution, reactant distribution and water removal capability.

©

Fig. 28. Bio-inspired flow field designs with three generations of channels: (a)
Interdigitated flow field design with constant channel width; (b) Non-interdigitated
bio-inspired design with constant channel width; (c) Interdigitated design with
varying channel width determined by Murray's law. Reprinted from Ref. [419] with
permission of Elsevier.

Besides the leaf-shaped flow field, the lung-shaped flow field was also investigated
by Kloess et al. [415]. The results showed that the uniformity of pressure drop and
reactant distribution in the lung-shaped flow field was superior to that of the basic
flow field. Kjelstrup et al. [420] found that the lung-shaped flow field was effective in
mitigating the concentration polarization as well as improving the PEMFC
performance by 10-20% while reducing the amounts of catalysts used. A numerical
study by Asadzade et al. [421] obtained a more uniform velocity distribution. Cho et
al. [422] presented a finite-element model of a PEMFC with fractal branching,

lung-inspired flow field (Fig. 29). They found that when the effect of the number of
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branching generations N = 6, a platinum utilization of approximately 36 kW g™p is

achieved, and the volumetric power density of fuel cell stacks can be increased by

over 80%.
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Fig. 29. Schematic of the modeling domain of the lung-inspired flow-field based
PEMFC at various ‘generations. Reprinted from Ref. [422] with permission of
Elsevier.

The tree structure consists of a trunk and branches, which utilize the fractal principle
to reduce the pressure loss in the flow field [423]. The bifurcation level of the
branches is one of the main research topics in tree flow fields. Daniel et al. [424]
discovered through CFD simulations that an increase in the level of bifurcation leads
to better PEMFC performance. Damian et al. [425] found that an increase in the
number of bifurcations improves the homogeneity of the reactant gas distribution as

well as obtains a more homogeneous distribution of the current density, and that a
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bifurcation configuration of 37° is more conducive to the liquid water emission.
Sauermoser et al. [426] experimentally investigated the effect of width scaling factor
on the performance of PEMFC and showed that the PEMFC has the maximum peak
power when the width scaling factor of the inlet and outlet are 0.917 and 0.925,
respectively. Meanwhile, the increase of width proportionality factor can effectively
reduce the pressure drop, decrease the pump power, and increase the net power of
PEMFC.

In addition, new bionic flow fields such as honeycomb-shaped flow field [427],
fishbone-shaped flow field [428], and lotus-shaped flow field [429] are included in
the future study of PEMFC flow fields. While different bionic flow fields have their
own advantages, the complicated processing technology and high fabrication cost
have become the main factors restricting their development. However, with the
continuous progress of processing technology and breakthroughs in the field of
materials, it is believed that bionic flow fields will become one of the choices for
high-performance flow fields in the near future.

7.2.3 Flow uniformity

The uniformity of flow inside the PEMFC is crucial for its durability and performance.
Flow uniformity can be categorized into two levels [430]: the first level pertains to the
uniformity of flow within a single cell, while the second level pertains to the
uniformity of flow between different single cells in the stack. Section 7.2.2 provides
an overview of the basic flow field and the optimized designs proposed by researchers

in recent years. One of the main goals of these designs is to improve the uniformity of

92



Journal Pre-proof

flow within the cells. Thus, this section will present the second level of uniformity, i.e.
cell-to-cell flow.

7.2.3.1 Issues of non-uniformity flow

To achieve higher power output, automotive PEMFCs require a large number of
individual cells connected in series. Ideally, the stack power should be equal to the
sum of the output power of the individual cells. The durability of the stack depends on
the weakest cell in the stack or its structure [430]. However, in reality, the durability
of the entire stack does not reach the ideal state described above. Achieving an
absolutely uniform flow distribution between individual cells is difficult due to factors
such as friction losses in the stack [431]. The non-uniformity of the flow distribution
is one of the most significant obstacles to the ideal state [432]. Uneven flow
distribution results in uneven electrochemical reactions, which can cause problems or
even failures in the thermal or water management inside the stack [433]. Excessive
water can cause flooding, hindering mass transfer and reducing cell output [111].
Excessive dryness or hot spots from high temperatures can accelerate the degradation
of cell components [216]. Uneven temperature distribution can also generate thermal
stresses, negatively affecting the durability of the seals of the stack [434].

7.2.3.2 Manifolds for flow distributions

The manifold of a PEMFC stack is responsible for distributing the flow into each
individual cell and collecting the unreacted gas, transporting it to the outlet of the
stack [435]. Manifolds can generally be divided into bifurcation and consecutive types

[436]. Liu et al. [437] proposed a flow distributor with cascaded runner bifurcation to
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enhance the flow uniformity inside the stack. According to their argument, the
bifurcated distributor should prioritize the ratio of flow channels diameters between
neighboring levels and the ratio of channel lengths between bifurcated levels to
minimize any significant gap between the two sub-flows after the bifurcation.
However, it is important to note that this type of distributor requires precise
manufacturing and may not be suitable for all inlet flow conditions. In automotive
applications, high power stacks may experience an increase in bifurcations as the
number and complexity of flow channels rise. This can cause a rapid increase in
pressure drop, which negatively impacts the stack's stable operation over time [430].
To address this issue, many scholars selected a consecutive type manifold with simple
structure and low pressure drop. Nevertheless, if there is a difference in the flow
resistance of each parallel path, the distribution of reactants may become
inhomogeneous [438]. The parallel paths can be divided into four categories: dividing,
combining, U-type, and Z-type.

Selecting appropriate combinations among the stack's structure and dimensions is a
significant challenge in the stack design. Various flow characteristics may also result
from multiple operating environments [439]. To achieve uniform flow across the stack,
it is necessary to design optimal flow field and manifold distribution based on
numerical and empirical findings. Additionally, because of the small size (typically on
the millimeter scale) of the flow path and the complexity of the stack structure,

accurate visualization and measurement of the flow inside the PEMFC stack is
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challenging [440]. As a result, researchers commonly use theoretical model to
calculate and optimize flow uniformity.

7.2.3.3 Introduction to manifold flow theory development

The assessment and prediction of flow effects in PEMFC stacks require more
generalized theories due to the variety of flow conditions, feature sizes and manifold
structures. Bernoulli's theorem is widely used in pipeline design and flow studies.
Early research on flow distribution in PEMFCs focused on this theorem or its variants
[441,442]. Based on the linear relationship between pressure drop and flow rate, the
flow field can be analogized to an electric circuit using Kirchoff's law to calculate
current at the junction [443]. However, in practice, fluids differ significantly from
electric currents. One key difference is that fluids exhibit inertia, resulting high flow
rates, sub-flows formed at pipe bifurcations in a manifold flowing may not flow at the
same rates. Studies have shown that branched streams have high pressures, indicating
that ignoring inertial effects in circuit analogies can lead to significant errors in the
analysis of high-velocity flows or flows with high Reynolds numbers [436]. Some
models disregard inertial effects, limiting their ability to describe flows with high
Reynolds numbers [382,441]. Additionally, friction effects are also present in the flow,
and models that neglect them can only be applied to short manifolds [444,445].
Acrivos et al. [446] considered inertia, proposing a model that became the basis for
studying manifold flow [447]. Recently, models have begun to include the effects of
electrochemical reactions and liquid water on flow resistance [448]. Wang has

conducted theoretical research on manifold flow and achieved promising results. He
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combined the effects of friction and momentum to create a unified theoretical
framework; the generalized governing equations were used for flow distribution in
manifold systems [436,449]. The theory is comprehensive, establishing a direct
quantitative relationship among flow distribution, flow conditions, and structure. It
has been successfully applied to the design of PEMFC stack manifolds. Methods
proposed by other researchers are derived from Bernoulli's equation or overall energy
balance. Midoux et al. [450,451] analyzed various models of manifold flow
distribution and performed comprehensive analyses of friction coefficients,
momentum coefficients, and channel flow resistance coefficients, which partially
verified Wang's generalized governing equations. Pan et al. [452] proposed a novel
criterion for the flow uniformity of the stack by considering two dimensionless
configuration parameters that reflect the flow distribution. They established a
quantitative relationship between the coefficient of variation and these configuration
parameters. The proposed criterion was also verified by simulation results.

7.2.3.4 Flow uniformity optimization

As the commercialization process of PEMFC gradually develops, the demand for its
durability increases. Scholars have recognized the significance of uniform flow in the
stacks and have conducted relevant research on the optimization measures.
Experimental methods for large PEMFC power stacks can be complex and expensive.
Therefore, many researchers use simulation method to study and optimize flow
distribution. Chen et al. [453] simulated a two-dimensional stacking model by CFD

method. They found that both large channel resistance and wide manifold benefited
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the flow uniformity. However, for the practical application of PEMFC, a large
pressure drop is unfavorable. Therefore, they advocated to increase the manifold
width only. Huang et al. [431] combined a CFD model with an empirical model to
establish a model that considers the airflow distribution inside the manifold and
verified it through experiments. The results indicate that the mass distribution and
pressure drop of the U-type stack are better than those of the Z-type configuration.
Furthermore, the non-uniformity of flow increases proportionally with the current
density. In their following study [454], it was also found that the fluid distribution in
the manifold is strongly affected by the inlet' geometry. By optimizing the
intermediate zone, inlet tube diameter, and diffuser length, the vortex size can be
adjusted to promote a uniform flow distribution in PEMFC stacks. Su et al. [440]
investigated the impact of vortices in the feed header on flow distribution. They found
that the distribution uniformity decreases significantly with the generation of vortices.
The flow characteristics, including the number, location, and intensity of vortices, are
highly correlated with the size and shape of the feed header. Lu et al. [455] proposed a
distribution zone with a partially dotted matrix for optimization. Placing the matrix
close to the air inlet effectively improves flow uniformity. The size of the matrix
should be appropriately designed to balance the accuracy and the manufacturing cost.
Pan et al. [456] emphasized the importance of proper generation and distribution of
transverse flow in achieving flow uniformity. They optimally designed the distribution

zone by combining central horizontal meshes and transverse vertical meshes based on
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the mechanism of transverse flow control; and the porosities of these two types of
mesh are quantified for optimal flow distribution.

Although commercial CFD software makes it easy to obtain information from the
model, it is inconvenient for preliminary design and structural optimization of
large-scale fuel cell stacks due to its time-consuming and expensive nature. Therefore,
several researchers have used analytical models for design and optimization studies of
flows in large-scale stacks. For example, Qin et al. [457] modelled a PEMFC stack
using a flow network method. This allowed them to determine the pressure and mass
distributions of the reactant gas and coolant by combining the cross-flow effect and
the minor losses in the flow process. The design of cathode flow channels and cooling
channels for the stack was also optimized. Huang et al. [448] developed an analytical
model by considering multiple factors, such as local pressure losses, pressure
recovery phenomenon, electrochemical reactions, and the presence of liquid water in
a single cell. To improve flow distribution in both U-shape and Z-shape PEMFC
stacks, it is recommended to increase flow resistance in the unit cell and decrease
flow resistance in the manifold. To optimize the flow resistance arrangement in U-
and Z-shaped stacks, a differentiated assembly strategy can be employed, which is
capable of achieving a more uniform flow distribution in the manifold.

7.3 Stack assembly

Since a single PEMFC cannot provide enough power and voltage for automotive
applications, multiple single PEMFCs are connected in series and assembled as a

PEMFC stack. Large stacks can have hundreds of components, including end plates,
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collectors, clamping bolts or straps, a variety of sensors, and components in a single
cell. While the design of a single PEMFC is relatively simple, the design process of a
large power stack may have many problems that can never be encountered by a single
PEMFC, such as thermal stress/strain, system vibration, seal leakage, structural failure,
etc [428]. In automotive operating conditions, large power reactors also face complex
operating conditions as described above, and it is challenging to achieve long-life
operation and improve the durability of power reactors, which still requires a large
number of technical issues to be solved in terms of structural design and analysis.
7.3.1 Endplates and clamping methods

Hundreds of components in a large PEMFC stack are compressed together by two end
plates, applying a huge clamping force by tightening bolts. Another clamping method
is the steel belt clamping technique. The end plates are the most important
components supporting the stack as they are usually fixed in the position where the
stack is to be used. End plates should have the following properties: sufficient
mechanical strength and stiffness to withstand tightening pressures, stack gravity,
vibration and shock, and other loads to which they may be subjected; high modulus of
elasticity and high yield stress limits to ensure that the stack can be restored to its
initial state when external forces are removed; the smallest possible mass/volume to
increase the stack's power density; high bending stiffness to achieve uniform contact
pressure inside the stack; and good corrosion resistance, ease of fabrication, low cost,
etc.

7.3.1.1 Materials of endplates
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One of the most widely used metal alloys for end plates is aluminum alloy because of
its low mass density, as well as good strength and stiffness, stainless steel is also an
option due to its good mechanical properties and corrosion resistance. It has been
suggested that if the application scenario of the power stack requires the end plates to
be as lightweight as possible, then aluminum alloys will have a higher priority, and if
a small size of the stack needs to be achieved, then stainless steel will be a better
choice due to its better overall mechanical properties [388]. In addition, to improve
the insulation and corrosion resistance of metal endplates, a common approach is to
use for instance aluminum oxide films or epoxy surface coatings [458].

In addition to metals, polymeric materials such as phenolic plastics, polyethylene, and
phenolic resins are considered as a promising endplate material because of their light
weight, low cost, good corrosion resistance, and low thermal conductivity. However,
in practice, the mechanical strength of polymers is not sufficient and their nonlinear
stress-strain relationship ~at high stresses and certain viscoelasticity at high
temperatures make them more susceptible to performance degradation [459]. The use
of composites and optimized structures are viable means of improving the mechanical
properties of endplates [460,461].

7.3.1.2 Geometry and clamping methods optimization

7.3.1.2.1 Clamped with tightening bolts

Besides the choice of material, the geometry, dimensions and clamping methods of
the end plates need to be carefully considered. Rectangular endplates are the most

common shape for large PEMFC stack designs, and tightening bolts is one of the most
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traditional and simple methods of clamping. For ideally rigid materials, the
compression of the end plates caused by tightening the bolts can be used to achieve a
uniform distribution of pressure within the stack. However, the absence of rigid
materials means that applying a tightening torque to the bolts can cause the end plates
to deform in both bending and compression, thus creating uneven pressure within the
stack (see Fig. 30). A simple way to increase the stiffness of the endplate is to increase
the thickness of the plate, however, the weight and volume of the stack will increase
accordingly, resulting in a decrease in power density. Therefore, the optimal thickness
of the endplate should consider the pressure distribution inside the stack and the
weight/volume of the stack.

In order to reconcile the contradiction between the weight and stiffness design of the
endplate, there are some researches around this. Evertz et al. [462] proposed the
concept of endplate shape design, namely ribbed structure, D-shaped bow structure,
square and bomb shape, etc. It is concluded that solid endplates have the worst
performance, while endplates with D-bow structure have the best performance. They
also envisaged the possibility of pre-curved endplate surfaces or thin layers with
curved thicknesses in order to make the pressure inside the stack more uniform. Later,
other scholars worked on specific designs based on this idea. Yu et al. [460] used
composite sandwich endplates, where the uniformity of the internal pressure was
ensured by using pre-generated curvature of the endplates of the stack, and a pressure
distributor was used to enhance insulation and uniformity of the pressure distribution.

Others have focused on the multi-objective optimization of endplates, namely
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topology optimization, weight reduction optimization and bolt arrangement

optimization.

(a) (b)
Original T Clamped T
—
(c)
Original Ff Clamped N3
[~ ]
(d) t

Fig. 30. Schematic to improve the pressure distribution inside PEMFC stack: (a) ideal
rigid end plate (EP)s; (b) real elastic EPs; (c) pre-curved surface of EP; (d) a thin layer
with curved thickness. Reprinted from Ref. [388] with permission of Elsevier.
7.3.1.2.2 Clamped with steel belts

As mentioned above, PEMFC stacks can be clamped together using bolt clamping
methods. However, a strong uneven distribution of pressure can occur if the width of
the end plates is significantly larger than the stack. In addition, the bolt-clamping
method usually occupies a larger space because the dimensions of the endplates must

be larger than the dimensions of the bipolar plates in terms of length and width.
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Researchers have proposed a more compact method, namely, the steel belt clamping
method.

Liu et al. [463] performed a cross-section optimization design of steel belt clamped
end plates to obtain a uniform pressure distribution in the stack. They found that the
optimal shape of the solid aluminum end plate was similar to a semicircle, and in
further optimization, a 39.5% reduction in the weight of the end plate and a 41%
reduction in the standard deviation of the normal deformation displacement within the
stack were achieved. This is, of course, based on the results of 2D design theory. For
practical applications, the 3D design theory has higher accuracy. In the 3D design, the
standard deviations of normal displacement and normal pressure of MEA were
reduced by 9.16% and 11.5%, respectively. Wu et al. [464] showed that an equidistant
arrangement of clamping bands would make the internal contact pressure distribution
usually more inhomogeneous than an unequal arrangement (see Fig. 31). The use of
an unequal clamp load arrangement combined with an equidistant arrangement of

clamping belts results in a more uniform contact pressure.
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Fig. 31. The stack size and belt arrangement: (a) 3D view and (b) side view.
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(D100 cells; @ clamping belt; ®EP; @ insulating layer; &) current collector.
Reprinted from Ref. [464] with permission of John Wiley and Sons.

7.3.2 Sealing methods

As an automotive power source, sealing failure between individual cells in a PEMFC
stack is also one of the main problems affecting the durability of the stack. A
well-designed seal can effectively isolate the reaction gas, coolant, and external
environment from each other to ensure the safe and stable operation of the system; in
contrast, the sealing failure may lead to the leakage of hydrogen, or even the mixing
of hydrogen with air at the cathode, which not only has a serious negative impact on
the lifetime of the PEMFC reactor, but also jeopardizes the safety of the PEMFC
system [465]. Hence, it is necessary to design and manufacture high-performance,
durable sealing materials, optimize the sealing structure, and improve the mechanical
strength to improve the sealing durability of PEMFC reactors. Seal materials with
good durability have the following characteristics: all elastomeric sealing materials
should be able to resist hydrogen, oxygen, water, and heat well, and have sufficient
chemical resistance and resistance to mechanical stresses in PEMFC power stacks.
7.3.2.1 Classification of sealing methods

Sealing materials can generally be divided into two categories: solid-state gaskets and
liquid sealants. Solid-state gaskets are the traditional type of sealing and can be
obtained by cutting, stamping, and molding silicone and fluor elastomers [465]. Solid
gaskets are easy to assemble and remove, but the major disadvantage is that the gasket

and the bonding surface do not easily close tightly, resulting in interfacial leakage.
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Liquid sealants can flow into complex surface structures and have excellent sealing
performance, which can effectively prevent cell interface leakage [466]. Liquid
sealants can be mainly classified into in-situ molded gaskets and in-situ cured gaskets
[467]. The former is a liquid sealant applied to the sealing surface before cell
assembly, and when the cell is assembled, the sealant is cured to achieve the sealing
effect. This sealant can be crosslinked at room temperature and does not require a
high precision sealing surface due to the free flow of fluid [467]. The latter needs to
be cured in some way after application to the sealing surface, such as by heat or UV
radiation, and then assembled to provide a sealing effect. Cured-in-place gaskets
allow for complex sealing geometries and usually do not require a mold, but rather a
membrane gasket [467].

7.3.2.2 Sealing material degradation

7.3.2.2.1 Chemical degradation

The durability and stability of sealing materials are of great significance to the
long-life operation of PEMFC stacks, and here it is necessary to briefly explain the
forms of sealing material degradation.

Sealing materials will undergo chemical degradation over time due to exposure to
acidic and humid environments [468]. To date, several scholars have reported studies
on the chemical degradation of sealing materials under different operating conditions.
As an example, Lin et al. [469] used copolymer resins, liquid silicone rubber,
fluor-silicone rubber, EPDM rubber, and fluor elastomer copolymers as gasket

materials under simulated and accelerated conditions at 80 °C for testing, and found
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that chemical degradation of these seals could be up to 63 weeks. Li et al. [470]
discovered that the chemical degradation of silicone rubber was largely affected by
the concentration of the exposure medium. The degradation begins with an increase in
surface roughness until the exposed portion ruptures. This is due to the change in
chemical properties of the silicone rubber surface in the test environment. Wu et al.
[471] investigated silicone rubber gaskets by subjecting them to a weak acidic
solution with temperatures ranging from 20 °C to 90 °C cycling through air. The
results showed that the loss of weight and the hardness of the silicone rubber
increased with the number of temperature-cycling cycles and the concentration of the
acid solution, which was caused by the loss of the fillers in the silicone rubber. Feng
et al. [472] investigated degradation of silicone rubbers with different hardness in
various aqueous solutions (see Fig. 32). It was discovered that silicone rubbers
degrade significantly in strong acid solutions due to the catalytic effect of protons on
the decomposition of Si-C and Si-O-Si bonds. This degradation can even result in the

formation of large cracks and voids on the surface.
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Fig. 32. SEM images of silicone rubber surface after exposure to different solutions:
(a) in de-ionized water; (b) in acetic acid; (c) in simulated solution; (d) in strong acid
aqueous solution. Reprinted from Ref. [472] with permission of Elsevier.

7.3.2.2.2 Mechanical degradation

The mechanical properties of sealing materials play an important role in sealing
stability, and their mechanical properties after prolonged use have not been fully
investigated [465]. Currently, rubber is widely used due to its good heat resistance and
chemical stability. Meanwhile, its sealing ability is mainly determined by its
mechanical properties [473]. It is necessary to study the mechanical properties of
sealing materials. Currently, studies on the degradation of mechanical properties of
rubber seals for PEMFC power stacks have been reported. Qiu et al. [473]
investigated the effects of temperature and compression ratio on the mechanical
properties of four rubber gaskets. The results showed that the compression ratio has a

significant effect on the mechanical properties of the sealant, while the increase in
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temperature decreases the modulus of the sealing gasket. Zhang et al. [474]
discovered that the deformation of the rubber seals intensifies with the increase in
compression ratio and sealing ring dimensions, and the von Mises stress increases for
better sealing performance; the high stress region of the rubber seals concentrates in
the inner part of the cross-section, which makes them susceptible to material
relaxation.

7.3.2.3 Sealing structure design

It is also necessary to study the sealing structure of PEMFC stacks. It has been
analyzed that the sealing structures of PEMFC stacks can be classified into four
categories [475], as shown in Fig. 33: the direct sealing structure is simple and can be
easily reassembled and removed, but when the sealing gaskets are clamped on the
PEM, the PEM may be damaged or broken due to the shear and tearing forces at the
edge of the gaskets. The frame sealing structure wrapped around the PEM is an
integrated structure, which is helpful for assembly and mass production; however,
there are problems in the connection between the sealing structure and the GDL are
problematic in terms of connection, as well as some adhesive materials may stick the
bipolar plates together while wrapping the PEM, making disassembly difficult. The
MEA-wrapped frame sealing structure has more advantages than the two sealing
structures mentioned above because it is easy to assemble and has a low cost. The
rigid protection structure is also an ideal sealing structure. Its main feature is that one
or more rigid layers are arranged in the inactive region at the edge of the membrane to

withstand the compression force generated by the bipolar plates during the assembly
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process, with the aim of preventing damage to the reaction region of the MEA.
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Fig. 33. The MEA structures: (a) PEM direct sealing structure; (b) PEM-wrapped

frame sealing structure; (c) MEA-wrapped frame sealing structure; (d) Rigid
protective frame sealing structure. Reprinted from Ref. [475] with permission of
Elsevier.

The frame sealing structure built to enclose the MEA in the non-reactive region of the
MEA is usually formed by injection molding, which has been designed and studied in
detail by many scholars. For example, James et al. [476] used an adhesive to bond the
edges of the MEA and the sealing region of the flow field plate to form the first part
of the seal; the second part of the seal was formed by placing a manifold sealing
material around the MEA. For the frame seal structure wrapped around the MEA, the

more common process is to position the non-reactive region of the membrane
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electrode in a membrane fixture and inject the sealing material into the fixture via
injection molding to form the sealing portion. Barton et al. [477] fabricated a sealing
frame around the MEA, which was injection molded to form an integrated MEA
structure. The cross section of the sealing frame was designed in various
configurations to improve the sealing performance of the structure.

7.4 Control strategies

Automotive PEMFC systems are characterized by uncertainty, great hysteresis, strong
coupling, time-varying behavior as well as nonlinearity, and there are problems such
as modelling difficulty and large computational effort. Scholars have studied the
control strategy of the automotive PEMFC system based on the trade-off between the
error and the computational quantity in order to improve the PEMFC durability.

7.4.1 Hydrogen supply system

7.4.1.1 Structure and considerations of hydrogen supply system

For PEMFC, there are three main operating modes for the hydrogen supply system:
hydrogen direct discharge mode, dead-end mode and recirculation mode. Since the
direct discharge mode and the dead-end mode have the problems of poor hydrogen
utilization, safety hazards and water accumulation prone to performance degradation
and CL carbon corrosion, respectively, the most widely used mode in PEMFC
vehicles is the hydrogen recirculation mode [478]. This method uses a recirculation
device to transfer the unreacted hydrogen from the anode outlet to the anode inlet
again, and simultaneously completes the humidification of hydrogen, which not only

improves the utilization rate of hydrogen and thus the fuel economy, but also helps to
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improve the uniformity of the distribution of hydrogen and water inside the PEMFC
stack, so as to enhance the durability of the PEMFC stack [479].

The hydrogen supply system should be able to provide fuel gas at appropriate
pressure and flow rate for the normal operation of the PEMFC stack. It has been
shown that a better balance between efficiency and durability of PEMFC can be
achieved when the stoichiometric ratio is 1.1-1.5 [480]. When the stoichiometric ratio
is low, insufficient gas supply will cause fuel starvation, while too high a
stoichiometric ratio will increase the gas flow rate, and the discharged gas will carry a
considerable portion of the moisture inside the stack, which is prone to membrane
drying. Meanwhile, the stoichiometric ratio needs to maintain a certain degree of
stability, otherwise the voltage and humidity of the PEMFC are susceptible to more
drastic time variations, which is not conducive to the long-life operation of the
PEMFC. In addition, the pressure difference between the cathode and anode is also a
factor to be considered; high-pressure pulses and fluctuations can damage the MEA if
the pressure difference is unstable [481].

7.4.1.2 Optimization of control strategies for hydrogen supply system

For the purpose of achieving better performance and longer lifetime operation of the
PEMFC, many researchers have proposed and optimized the control strategy of the
hydrogen system. Lee et al. [482] installed dual valves on the recirculation loop to
enable the anode to operate in four modes (Fig. 34), namely dead-end, recirculation,
compression, and purge, with switching of the operating modes according to the

current density, and the results showed that the loop structure and this control strategy
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can effectively prolong the PEMFC operating time. Liu et al. [483] proposed an anode
purging solution based on the observation of nitrogen impurities in the system, which
determines the purging interval and duration according to the nitrogen concentration
of the anode. This solution can increase the hydrogen utilization to 99% and enhance
the durability of the PEMFC. Yuan et al. [484] presented a fuzzy logic
proportional-integral (P1) controller with feed-forward to control the hydrogen
pressure. Such controller significantly improves the dynamic performance of
hydrogen pressure and further reduces the overshoot caused by perturbations

compared to the conventional PI controller.
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Fig. 34. (a) Traditional configuration for anode recirculation; (b) Novel configuration
of the anode employing two valves. Reprinted from Ref. [482] with permission of
Elsevier.

He et al. [485] suggested a switching model predictive control (MPC) strategy based
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on the hydrogen recirculation pump model to regulate the hydrogen cycle of the
PEMFC stack. It predicts the return manifold pressure and the angular velocity of the
pump, which provides fast response speed and tracking accuracy despite load
variations, mitigates the degradation of the anode components, and achieves efficient
and stable operation of the PEMFC. Quan et al. [486] introduced an enhanced MPC
based on perturbation prediction. They predicted the speed of the vehicle in real time
by an exponential smoothing-based Markov model, and then obtained the speed of the
vehicle through the vehicle dynamics and PEMFC models to obtain a current
prediction sequence with stochasticity as a perturbation of the hydrogen control
system, which is input into the prediction model. This enhanced MPC effectively
reduces the effect of step-change current and improves hydrogen utilization to avoid
fuel starvation.

7.4.2 Air supply system

7.4.2.1 Structure and considerations for air supply system

The air supply system plays a key role in the overall PEMFC system. The major tasks
include purifying, pressurizing as well as humidifying the air [487]. As mentioned
above, airborne contaminants can cause damage to the catalysts and membranes
within the PEMFC, reducing the performance and durability of the PEMFC.
Therefore, the incoming air has to be cleaned in an air filter before entering the stack.
The mass flow rate of the air supply directly affects the concentration of oxygen
inside the reactor, which requires the air supply system to provide enough oxygen for

the continued and stable operation of the PEMFC reactor and prevent oxygen
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starvation. The performance of the PEMFC increases with the increase of the reactant
pressure, with the optimal pressure being 150-250 kPa [488], and the membranes need
to be kept in a fully hydrated state to obtain the best performance. Air filters, air
compressors, and humidifiers are the components in a typical air supply system to
meet the above objectives.

The control of an air supply system is similar to the control of a hydrogen supply
system in that both require control of the pressure and stoichiometric ratio of the gas.
However, while hydrogen is supplied through high-pressure hydrogen tanks with
pressures and flow rates that can meet the PEMFC stack requirements [489], air relies
on the air supply system to draw from the environment, which is difficult to control
due to the slow mechanical correspondence [490]. Meanwhile, the air supply system
is a typical high-degree nonlinear two-input-two-output coupled control system,
where the two coupled control variables, that is, the mass flow rate and the pressure,
are affected by both the air compressor speed and the backpressure valve opening,
which means that a change in either of the mass flow rate and the pressure will disturb
the other one, and the coordinated control of the actuators is difficult to implement
[491]. Consequently, there is a great need to adopt suitable control strategies to
achieve optimal coordinated control of the mass flow and pressure of the air supply in
order to provide the PEMFC system with good steady state and transient
characteristics so as to enhance its lifetime.

7.4.2.2 Optimization of control strategies for air supply system

Researchers have made considerable work. Zhao et al. [492] proposed an
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observer-based fractional order proportional-integral-derivative (PID) controller to
control the oxygen excess ratio and cathode pressure simultaneously. Both its steady
state and transient performances are more favorable compared to the conventional
PID control strategy. Liu et al. [490] proposed a dual closed-loop fuzzy PID controller
based on a feedforward decoupled controller, enabling independent control of the
flow rate and the pressure, thus exhibiting better dynamic response performance and
stability, as well as decreasing the possibility of gas outage and improving the
durability of the PEMFC stacks (see Fig. 35). Tian et al. [493] suggested a hybrid
MPC and PID control strategy to control the -air compressor voltage and the
backpressure valve opening concurrently. The MPC is used for the coordinated
control of both, while the PID removes the steady-state error when the system is in the
steady state under the MPC, which makes the hybrid control strategy more effective
compared to the MPC and P! alone. In addition, the MPC-PID hybrid control strategy
also has good passive and active fault-tolerant control effects in the event of a system
fault. Ou et al. [494], on the other hand, combined the fuzzy control strategy with the
traditional PID control strategy to develop a feed-forward fuzzy PID control strategy
to achieve the control of the oxygen excess coefficient. The controller can effectively
regulate the oxygen excess coefficient when the PEMFC output current changes
abruptly and reduce the parasitic power consumption of the air compressor to avoid
the occurrence of oxygen starvation, which improves the efficiency of the PEMFC

system and prolongs its lifespan in the meantime.
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feedforward decoupling; (d) Decoupling double closed-loop fuzzy-PID controller.
Reprinted from Ref. [490] with permission of Elsevier.

7.4.3 Water-thermal management system

7.4.3.1 Structure and considerations for water-thermal management system
Control of temperature will have an important impact on the gas humidity, catalyst
activity, membrane performance, electrochemical rate, and so on, inside the PEMFC.
Various cooling methods are available for the PEMFC, including air cooling, phase
change cooling, and liquid cooling [495]. Liquid cooling is the most appropriate
cooling method in the application scenario of automotive power sources due to its
high specific heat coolant and ease of integration [496,497]. Only a small portion of
the heat generated during the operation of a PEMFC can be carried away by the
internal gas flow, which means that the coolant undertakes most of the heat-carrying
responsibilities [498]. Whereas the operating temperature of the PEMFC is relatively
low, the temperature difference between the coolant and the environment is not
significant, making heat dissipation difficult [499]. Proper water management can
ensure the normal operation of PEMFC and improve its efficiency. Many scholars
have extensively studied PEMFC water management, which mainly includes means
such as changing the flow field or MEA microstructure, applying control strategies to
provide optimal working conditions, and changing the flow path or MEA materials
[500]. This section introduces the control strategy aspect.

Temperature management is an important safeguard for the smooth operation of

PEMFC vehicles, which directly affects the output performance and longevity of the
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PEMFC. Higher temperatures can exacerbate the evaporation of liquid water, leading
to membrane dehydration and voltage drop; while lower temperatures can cause
"flooding™ of the flow paths, hindering mass transfer, as well as triggering a number
of cold-starting problems such as those mentioned above when the temperature is
below freezing point. As the heat generated by the PEMFC is difficult to be
discharged in time, it may accumulate and cause the temperature of the stack to rise
sharply above its normal operating temperature range; while during start-up, the
temperature of the stack is often lower than its normal operating temperature range,
and the catalyst activity at this time is not satisfactory, which affects the kinetic
performance of the PEMFC. In the meantime, the uneven internal temperature
distribution of the stack will also reduce the durability and stability of the cell. Proper
water management is also necessary to keep the PEMFC water balance in an optimal
state. The accumulation of liquid water can lead to problems such as impeded mass
transfer process, flooding of catalyst active sites, and decreased membrane
conductivity. The measures are mainly to humidify the interior of the PEMFC stack
and to drain the excess liquid water in a timely manner to avoid membrane drying and
flooding. The humidification methods can be divided into three types: external
humidification, internal humidification and self-humidification [501], while the
drainage methods are static drainage and dynamic drainage [502].

7.4.3.2 Optimization of control strategies for water-thermal management system
The inherent nonlinearity of the PEMFC system and the uncertainty of the model

parameters make it difficult to control the water/thermal management system. Li et al.
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[503] presented a machine-learning based PID control strategy, which allows for
real-time change of the PID controller parameters to enable a more accurate control of
the temperature by adjusting the cooling water flow in the pump. A single threshold
control only for the water pump or radiator can lead to a strong coupling between the
inlet temperature and the temperature difference between the inlet and outlet. To
address this problem, Su et al. [504] proposed a decoupling control strategy, namely
to establish a water pump flow controller and a fuzzy PID blower controller to
stabilize the temperature difference between the inlet and cutlet of the power reactor
under variable load conditions while ensuring the inlet temperature is close to the
target temperature value. However, there are also interactions between the water
pump and the radiator. Li et al. [505] replace the independent controllers of the water
pump and radiator in the traditional control framework by an integrated control
strategy based on distributed deep reinforcement learning, thus taking the interactions
between the water pump and radiator into account. Fu et al. [506] propose a
water-thermal management strategy based on the Xgboost algorithm to control the
temperature while keeping the membrane water content at a reasonable level. Under
the mixed driving cycle, the control strategy based on the Xgboost algorithm that they
developed has the best control performance compared to other strategies based on
machine learning and fuzzy logic control, with a reduction in the maximum deviation
of the temperature of the PEMFC stack and the variation of the membrane water
content.

7.4.4 Energy management system
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7.4.4.1 Structure and considerations for energy management system

PEMFC requires a specific electrochemical reaction time to complete the energy
conversion, whose dynamic response is slow, and can hardly meet the power output
demand under complex and variable automotive operating conditions if driven
directly as an automotive power source [507]. As a result, an automotive PEMFC
system usually consists of a PEMFC and a lithium-ion battery or supercapacitor used
as an energy buffer [508]. Also, an integrated DC/DC converter is needed to generate
the current and voltage required by the motor and provide a power output that meets
the usage requirements [509]. This approach allows the PEMFC to output a stable,
high-quality current, which serves to improve the durability of the PEMFC.
Considering the cost and efficiency of the system, the complexity of the structure, and
the difficulty of control, the most common structure in the current automotive
PEMFC system is the PEMFC + battery structure. With the continuous development
of PEMFC technology, the future is expected to form a high-power PEMFC +
low-power lithium-ion battery structure composition. The former is used to meet the
vehicle power demand, and the latter is used to recover braking energy [479].

When using lithium-ion batteries or supercapacitors as auxiliary energy sources for
the PEMFC system, the power distribution among energy sources will have a direct
impact on the fuel economy, while severe power fluctuations will affect the durability
of the PEMFC system, so it is crucial to coordinate the energy flow among energy
sources [510]. For different automotive operating conditions, energy distribution and

power control are achieved through the energy management system, as well as the
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regulation and optimization of the control strategy to reduce the unfavorable operating
conditions of the PEMFC, reduce the impact of the loads on the PEMFC, improve the
overall response speed of the vehicle, and meanwhile, cooperate with the recovery of
the braking energy to improve the energy utilization rate.

7.4.4.2 Optimization of control strategies for energy management system

To mitigate the impact of power fluctuation on PEMFC durability, a
frequency-separated energy allocation strategy can distribute power demand among
power sources; that is, the low-frequency power is allocated to the PEMFC, and the
medium- and high-frequency power is distributed to the supercapacitor and lithium
battery. This hierarchical optimized energy management strategy can achieve PEMFC
power following control based on motor power demand, charge state, and so on,
which reduces the number of times of PEMFC loading and switching, and ensures the
durability of PEMFC [511]). Fu et al. [510] presented a frequency decoupling strategy
based on fuzzy control according to this allocation method (see Fig. 36). Both
simulation and experimental results show that this strategy can effectively reduce
hydrogen energy consumption, limit the PEMFC power fluctuation, and help to
extend the PEMFC lifetime. Considering the impact of energy management on the
aging degradation of PEMFC, Tang et al. [512] proposed a deep reinforcement
learning-based energy management strategy. It incorporates the PEMFC system
degradation into the objective function by adjusting the weights of both degradation
and hydrogen consumption to achieve a balance between the fuel economy and the

PEMFC system degradation. Zhou et al. [513] considered the system cost, fuel
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consumption and PEMFC recession on the PEMFC system, a self-optimizing power
matching strategy is proposed based on a deep deterministic strategy gradient, which
can achieve long-life PEMFC operation based on low-energy operation. Jia et al. [514]
proposed an energy management strategy based on real-time adaptive model
predictive control, where, at each control interval, the linear variable parameter
prediction model is updated online to adapt to the changes in the battery state of
charge, and then a constrained optimization problem is formulated to achieve the
desired trade-off between four performance metrics: hydrogen consumption, PEMFC
current fluctuation, battery power loss, and battery state of charge. The results show

that the strategy behaves well in reducing hydrogen consumption and PEMFC current

fluctuation.
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Fig. 36. Optimized frequency decoupling strategy based on fuzzy control. Reprinted
from Ref. [510] with permission of Elsevier.

8. Conclusions and prospects

In practical automotive operating conditions, PEMFCs may encounter various types
of degradation. This paper presents an overview of the degradation mechanisms and

manifestations of PEMFCs under typical automotive operating conditions. The toxic
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effects of impurities on catalysts and membranes for PEMFC degradation and
corresponding mitigation strategies are also discussed. Possible solutions have been
proposed to address the durability issue of PEMFCs. The main findings are
summarized as follows.

Main degradation mechanisms under typical automotive operating conditions are
membrane chemical degradation and Pt catalyst agglomeration/migration under idling
conditions, carbon corrosion under start-stop conditions, mechanical degradation of
PEMFC components and gas starvation under dynamic icad conditions, damage to
components due to expansion of water freezing in cold-starting. For each typical
operating condition, there are corresponding AST methods for facilitating
cost-effective research by summarizing degradation manifestations and concluding
relevant mechanisms.

Impurity contamination is also a significant factor in the degradation of PEMFC.
Metal cations produced by the breakdown of bipolar plates, chloride ions carried by Pt
catalysts, and impurities such as CO, H,S, SO,, and NH3 present in the reaction gas
have negative effects on the durability of PEMFCs. Impurities usually alter the
electrochemical reaction paths through their chemical properties, causing catalysts to
fail. Since the cause of the degradation is focused on the material properties of the
catalyst, the most common and essential mitigation strategy is developing the high
impurity-tolerance catalyst.

Currently, efforts to enhance the endurance of PEMFCs under automotive operating

conditions focus on four main areas: MEA materials, bipolar plates and flow fields
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design, stack assembly, and control strategies. Refreshing the membranes, catalysts,
and supports with novel materials can extend the operational lifespan of PEMFCs
while maintaining their output performance. Optimizing the stack design, specifically
the end plates, sealing, and bipolar plates, can provide effective solutions to issues
expected to occur during the operation of the PEMFC stack. Improvements to the
control strategy have the potential to enhance PEMFC durability quickly. However,
further research is required to explore control strategies with rapid dynamic response
and high stability.

The main challenges of improving the durability of automotive PEMFC are listed
below.

First, lots of research on improving the durability and operating conditions of fuel
cells for vehicles still focuses on studying a single cell, even a half-cell. However,
since fuel cells for vehicles usually have multiple individual cells, it is crucial to
investigate the durability of these individual components in large-scale fuel cell
systems, as well as the impact of consistency between the cells.

Second, although there exists a comprehensive and profound understanding of the
degradation mechanism in PEMFCs, there is currently no general model for
researching the stability of components. This is due to the variation in experimental
conditions among researchers, making it difficult to form a convincing theory. In
order to make a valid assessment of degradation studies on different conditions, it is
necessary to develop general criteria and theory.

Third, in practice, balancing low cost and high durability for commercializing
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PEMFCs is difficult. Some components and designs that promote long-term operation
of PEMFCs are often unavailable for large-scale applications due to their high cost.
Some measures only state that they can meet durability requirements, but it remains
unclear whether they could meet the cost requirements for PEMFC with the
corresponding increase of cost. Costing in relation to the actual production process
may be necessary.
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