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Abstract

In recent years, proton exchange membrane (PEM) fuel cells have regained worldwide attention from academia, industries,
investors, and governments. The prospect of PEM fuel cells has turned into reality, with fuel cell vehicles successfully
launched in the market. However, today’s fuel cells remain less competitive than combustion engines and batteries, primarily
due to their high cost and short lifetime, which are significantly affected by the membrane electrode assembly (MEA), or the
“chips” of PEM fuel cells. Therefore, many efforts have been devoted to developing advanced materials and manufacturing
processes for MEAs. In this paper, we critically review the recent progress of key materials for MEAs, focusing on how to
integrate materials into electrodes and MEAs. We also present the most advanced designs and manufacturing techniques
of MEAs and discuss their possible constraints. Finally, perspectives on future R&D directions of materials and MEAs are
provided. This review aims to bridge the gaps between academic material research and industrial manufacturing process

development.
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1 Introduction

Proton exchange membrane (PEM) fuel cells are one of the
most promising technologies toward achieving “carbon peak
and neutrality” goals. While PEM fuel cells have risen and
declined in recent centuries, they presently play a key role
in building a sustainable society [1]. Today’s PEM fuel cells
offer a much lower Pt loading compared to early-stage itera-
tions. For example, the total Pt loading of the first-genera-
tion Toyota Mirai fuel cell (2017, the first commercialized
PEM fuel cell vehicle) was only 0.365 mgp, cm™2, greatly
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improving upon the first “practical” fuel cell (1962, 35 mgp,
cm~2) which used potassium hydroxide solution as the elec-
trolyte. The great progress of PEM fuel cells is attributed
not only to the development of Pt electrodes, but also to the
replacement of conventional acidic/alkaline solutions with
advanced perfluorosulfonic acid membranes (e.g., Nafion)
as launched in the 1970s, as well as development of the
membrane electrode assembly (MEA) structure and related
manufacturing processes.

PEM fuel cells have been gradually deployed in com-
mercial applications, e.g., as the power source for vehi-
cles [2]. Toyota, Hyundai, and Honda have all launched
fuel cell vehicles in the market. One representative exam-
ple is the second-generation Toyota Mirai fuel cell stack
(2020), which has demonstrated excellent power density
of 5.4 kW L™! (vs. 3.1 kW L~! for the first generation) and
represents a milestone in the history of PEM fuel cells.
However, PEM fuel cells are currently less competitive
than combustion engines and batteries, which is primarily
attributed to their high cost and short lifespan. To over-
come these barriers, advanced materials and developed
manufacturing technologies are required. Such advance-
ment will require close collaboration between enterprises,
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universities, research institutes, customers, and govern-
ments. During this process, fundamental research should
be focused on developing a high-performing and durable
MEA—the “chip” of PEM fuel cells—while industrial
efforts should consider the scaled-up production of the
key materials and components.

At present, the performances of MEA components,
including catalysts, ionomers, membranes, gas diffusion
layers, etc., have been significantly improved, and mature
materials have been successfully applied in industry.
However, integrating these materials into an MEA usu-
ally leads to significant performance losses. The technical
community has given much attention to the compatibil-
ity of the components and therein developed better MEA
manufacturing processes. Herein, this review provides an
overview of the development of key materials and manu-
facturing processing for MEA, in support of minimizing
gaps between the fundamental research in materials and
the manufacturing process in industry.

Fig.1 a An illustration of a

PEM fuel cell stack. Reprinted a
with permission from Ref. [10].

Copyright © 2019, Elsevier

Ltd. b The key materials in an

integrated MEA. ¢ An illustra-

tion of working mechanisms in

MEA. Reprinted with permis-

sion from Ref. [11]. Copyright

© 2021, Elsevier Ltd
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2 Recent Progress in Key Materials for MEA

An integrated MEA houses the primary electrochemical
reactions and plays a central role in PEM fuel cells, which
usually consist of at least six primary components, includ-
ing the catalyst, ionomer, proton exchange membrane, gas
diffusion layer, binder, and frame, as shown in Fig. 1a, b. An
illustration of the working mechanisms in the MEA is given
in Fig. 1c. The electric energy is generated by separate redox
reactions at the anode and cathode of MEAs, as illustrated
in Egs. 1-3.

Anode: H, = 2H" + 2¢~ €))
Cathode: O, + 2H* + 2¢~ = H,0 )
Overall reaction: H, + O, = H,O 3)

» Catalyst layer

—» Membrane

—— Catalyst layer

e b ) Electro-Diffusion

o O \( Oxygen

\.\. /. ) XYg!

i P—

(‘. ‘» S~ H* g

e o

o Us e

- Co

/‘\ Migration 2
\, H0

¢ Mass transfer
\ | Electro-Osmosis by convection

Mass transfer by diffusion |

' H0
1 Mass transfer by diffusion

Flow Gas Diffusion
Layer (GDL)

Channel

@ Springer

Gas Diffusion Flow
Layer (GDL) Channel

Electrode
(Cathode)

Electrode Membrane

(Anode)



Electrochemical Energy Reviews (2023) 6:28

Page3of37 28

Therefore, superior kinetics for these redox reactions
is highly desired. This requires highly efficient catalysts,
which can remarkably accelerate reaction kinetics. Usu-
ally, catalysts work in a so-called catalyst layer, which is
located between the gas diffusion layer (GDL) and the pro-
ton exchange membrane. To facilitate proton transfer in the
bulk catalyst layer and enhance the mechanical strength of
the catalyst layer, an ionomer with proton conductivity (also
the ability to serve as a binder) is needed. The composition
of the ionomer is usually the same as that of the membrane,
which allows fast proton transfer from the anode to the
cathode and prevents hydrogen and oxygen crossover dur-
ing operation. In addition, hydrophobic GDLs on the cata-
lyst layers of both sides are crucial to distributing gases and
remove excess water, i.e., water management in fuel cells.
Reasonably, the abovementioned materials represent cores
for an MEA. We emphasize that they are somewhat soft,
so the derived MEA is not sufficiently strong with respect
to its mechanical properties [3]. In this regard, the outer
frames are employed to provide a firm and reliable MEA
structure [4, 5] and are also used as seals. In this configura-
tion, binders cohering to the frame are applied [6-9]. These
key materials significantly determine the performance and
lifetime of MEAs. In the following sections, we will discuss
the most recent progress in these key materials, particularly
those that are mature and have been widely applied in the
MEA industry.

2.1 Catalysts

An MEA consists of an anode and cathode, which provide
sites for the hydrogen oxidation reaction (HOR, Eq. 1) and
oxygen reduction reaction (ORR, Eq. 2), respectively. For
both the anodic HOR and cathodic ORR, Pt-based materi-
als are the most popular catalysts, which have been widely
used in commercialized PEM fuel cells and as the bench-
mark against which research and development is evaluated
[12—14]. Due to the fast HOR, the required amount of Pt-
based catalyst at the anode is quite low, e.g., 0.05 mg cm™2
[15, 16]. In contrast, the cathodic ORR kinetics is much
lower than the HOR kinetics, thus requiring much more Pt
catalysts than the anode and primarily leading to increased
cost [17, 18]. For example, the anode Pt loading for the
Mirai fuel cell is only 0.05 mgp, cm™2 while that for the
cathode is up to 0.315 mgp, cm™2[19, 20]. Meanwhile, ORR
works under harsher and highly oxidative environments, thus
suffering from fast degradation. Generally, cathode catalysts
are the primary bottleneck for an MEA and have been inten-
sively studied [21]. In this section, we primarily focus on
the progress of the cathode catalyst development. This does
not signify that the anode catalyst is not important—at the
anode, reactive oxygen species are likely to be generated
under inappropriate operation (e.g., H, starvation, start-up/

shut-down and reversal), leading to aggressive material deg-
radation (e.g., membrane and ionomer) [22].

The most popular catalysts for ORR are Pt-based materi-
als because Pt intrinsically offers a good ability to activate
oxygen molecules and is relatively stable under harsh ORR
conditions. To reduce the Pt loading at the cathode, intrinsic
activity for Pt-based catalysts needs improvement. To date,
various strategies to improve the performance have been
developed, such as alloying Pt with transition metals [23,
241, building the core—shell structure [25, 26], nanowires
[27-29], nanoplates [30], and nanoframes [31, 32]. As a
milestone for Pt-based ORR catalysts, Duan et al. success-
fully built jagged Pt nanowires (J-Pt NWs) through anneal-
ing—dealloying. Per the high electrochemical active surface
area of one-dimensional materials, the ECSA of J-Pt NWs
was successfully increased to up to 118 m? g!; in particular,
the mass activity tested by rotating-disk-electrode (RDE)
reached an ultrahigh value of 13.6 A mgp,~! at 0.9 V [33].

The alloying of Pt with other metal(s) is the most widely
employed strategy for catalyst design [34]. The d-band
center of Pt sites has been widely accepted as a descriptor for
ORR intrinsic activity [35-37]. A high d-band center ben-
efits the adsorption of oxygen-containing species but leads
to slow intermediate desorption and active site poisoning,
while a low d-band center suffers from slow adsorption of
oxygen and low kinetics [37, 38]. Therefore, alloying Pt with
other transition metals such as Co and Ni could moderate
the d-band center of Pt active sites and present fast kinetics
(Fig. 2). In addition, the introduction of transition metals
remarkably decreases the percentage of Pt in the nanoparti-
cles, thus lowering Pt usage. For example, Liu et al. loaded
PtCo alloying nanoparticles on Co-N-C substrates, and the
synergistic alloying effect and ligand effect significantly
accelerated the ORR process on PtCo active sites. DFT cal-
culations demonstrate that the elution and attachment char-
acteristics of oxygenates are well adjusted on the active sites
during the reaction, which efficiently reduces the intermedi-
ate into H,O and cuts off the pathway to producing unde-
sired H,O, and/or free radicals [39]. Recently, intermetallic
compounds have shown great promise in ORR due to their
unique highly ordered nanostructures. Distinct from conven-
tional alloys with random atom arrangements, intermetallics
can provide high concentrations of well-defined active sites
for ORR, as well as extremely high stability under harsh
working conditions [40, 41]. One of the major challenges
for synthesizing intermetallics is their large diameter after
high-temperature annealing, which leads to a decreased sur-
face area. In this regard, an efficient sulfur-anchoring strat-
egy was proposed to control the Pt-based intermetallic size
to <5 nm after up to 1 000 °C sintering [42]. In particular,
the ORR mass activity of this intermetallic catalyst reached
1.3-1.8 Amgp ' at 0.9 V.
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Fig.2 Volcano plot showing experimental activity data from elec-
trochemical RDE measurements at 0.9 V (vs. RHE) relative to Pt
as a function of the hydroxyl intermediate binding energy AGpys.
Reprinted with permission from Ref. [43]. Copyright © 2021,
Springer Nature

In addition to the significant progress in Pt-based cata-
lysts for ORR, a large number of efforts have been devoted to
Pt-group-metal-free (PGM-free) catalysts, which are prom-
ising alternatives to replace costly and scarce Pt catalysts
[44, 45]. Among various PGM-free catalysts, composites
involving so-called single-atom moieties are emerging [46],
i.e., transition metal-nitrogen—carbon (M—N-C) catalysts.
Over the past decades, several kinds of PGM-free catalysts
have been developed, among which the most representative
is Fe—-N—C due to its superior activity as a site for ORR
[47]. In alkaline media, the most advanced Fe—-N—C catalyst
has presented superior ORR activity to Pt-based catalysts;
however, it remains less competitive than Pt in terms of
activity and stability in acidic media, i.e., in PEM fuel cells
[48-50]. To improve the activity of the Fe-N—C catalyst,
building well-defined and highly utilized atomically dis-
persed Fe—N, moieties is essential [51]. By tuning the con-
tent of doped Fe into zeolitic imidazolate framework (ZIF)-8
precursors, exclusively atomically dispersed FeN, sites have
been achieved, which present a significantly improved active
site density and half-wave potential (E,,,) of (0.88+0.01)
V vs. RHE [52]. Recently, dual single-atom catalysts were
proposed to achieve better ORR intrinsic activity, e.g., Fe/
Co-N-C [53, 54].

To efficiently screen and develop desired M—-N-C cata-
lysts, an artificial intelligence (Al)-assisted strategy has
emerged to address the challenges of tedious and laborious
experimental activities. As shown in Fig. 3a, b, a reliable
ensemble learner, XGBoost, was established and trained
to rank the degrees of importance among 26 complicated
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features in PEM fuel cells. The artificial neural network
(ANN) is the most accurate machine learning algorithm
and has suggested that the backpressure, cathodic load-
ing amount and BET surface area are the most important
parameters for PEM fuel cell operation and cathode catalysts
(Fig. 3b). Note that these Al strategies have been widely
applied in fuel cell research and development [55, 56], in
addition to the catalysts mentioned above.

Despite the improved ORR activity, the instability issue
of PGM-free catalysts has been specifically highlighted in
recent years [58, 59]. For the high-performing Fe-N—C cata-
lysts, demetallation and carbon corrosion may be the most
likely degradation mechanisms [48]. Many strategies have
been proposed to enhance the stability of Fe-N-C catalysts,
as discussed in Ref. [60]. Recently, by depositing a thin layer
of nitrogen-doped carbon on the NH,Cl-treated Fe-N—C cat-
alyst, the catalyst stability was markedly enhanced because
a substantial proportion of stable S2 sites were synthesized
[59]. In particular, the dissolved and even undissolved Fe
from Fe—-N—C catalysts is vulnerable to H,0, and generates
highly oxidative radicals via Fenton reactions (Eqs. 4-6).

Fe’* + H,0, - Fe** + OH™ + OH. “4)
H,0, + Fe*t - Fe’* + O, + 2H" 6))
0, + Fe’* - Fe** + 0> (6)

The oxidation potential of the peroxyl radical is approxi-
mately 1.3 V, so OH: likely dominates as the main radical
product, which is quite harmful to not only the catalysts but
also other MEA components, e.g., ionomers and membranes.
In this regard, Fe-free M—N—C catalysts, including Co-N-C
and Mn-N-C, have been proposed, which have presented
better stability but still suffer from low ORR intrinsic activ-
ity [61]. In addition, metal-free catalysts, i.e., doped car-
bon matrices by heteroatoms such as N, S, O, and F, have
also been studied [62—64]. Although milestones have been
achieved in terms of PGM-free catalysts, there is still a gap
between their stability and activity compared to Pt-based
catalysts. In other words, PGM-free catalysts are not mature
enough to be applied in real-world MEAs, particularly for
automotive applications.

Another note is that the reported ORR activity of catalysts
in the literature is mostly evaluated by the three-electrode
system, i.e., RDE, rather than in the MEA, which is more
relevant to fuel cells. However, not all RDE activity can be
well reproduced in the MEA (Fig. 4). Actually, the activ-
ity in MEA is more important than in the RDE. The US
Department of Energy (DOE) targets for PEM fuel cells are
all based on MEA performance. The performance gap of
the same catalyst as evaluated by RDE and MEA should be
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attributed to their different features. For example, the RDE
method is performed in a liquid electrolyte where the solu-
bility of O, is low. To facilitate the O, supply, forced convec-
tion (rotating) and a thin catalyst film (usually < 1 pm) are
both needed. In this situation, the resistance to oxygen trans-
fer is eliminated, and the intrinsic kinetics parameters (e.g.,
the activity at 0.9 V) be obtained in a low-current—den-
sity region (normally 10 mA cm™2). In contrast, in an MEA
configuration, the catalyst layer is thick and complicated in
composition and structure. Under this situation, the oxy-
gen transfer resistance cannot be ignored, which leads to
significant performance loss at high current densities>1 A
cm™2, especially when the Pt loading is low [65]. In this
regard, screening catalysts by RDE and then evaluating
ORR activity in MEA may be a good and necessary choice.
Reasonably, decreasing the gaps between RDE and MEA
by designing catalysts is an essential task in this field [66].
To improve MEA activity, decreasing the oxygen transfer
resistance (particularly the local O, transport resistance) is
important. Several strategies can be considered to address
the oxygen transfer issue in MEAs. On the one hand, Pt-
based catalysts with large electrochemical surface areas are
desired to ensure O, transport to the Pt surface at high cur-
rent densities, so research efforts at the catalyst level should
be focused on the electrochemical surface area in addition
to the mass/specific activity. On the other hand, structure
engineering in interior pores and surface modification can
promote Pt particle dispersion, reduce ionomer coverage,
force ionomers to be homogeneously distributed and lower
the local O, transport resistance.

2.2 Membranes and lonomers

The proton exchange membrane in MEA provides channels
for proton migration and transmission, separates gas reac-
tants, and isolates electron transfer [67, 68]. At the same
time, the ionomer plays an important role in distributing
protons across the whole catalyst layer. In this regard, the
function of the ionomer is partially the same as that of the
membrane. Therefore, we discuss the progress of both mem-
branes and ionomers in this section.

Membranes (proton exchange membrane, PEM, to be
specific), as one of the most important components of PEM
fuel cells, significantly determine the working temperature,
ohm resistance, service life, and thus the comprehensive
performance of PEM fuel cells [69]. According to the US
DOE, the membrane occupies 17%, 12%, and 9% of the
total cost, respectively, if the fuel cell circulation reaches 1
000, 10 000, and 50 000 per year [70]. The general require-
ments for PEMs include high ionic conductivity, low air
permeability, good thermal stability, electrochemical sta-
bility, excellent mechanical properties in dry and hydrated
states, an adequate water absorption rate, and a moderate

@ Springer

swelling rate. Nafion series perfluorosulfonic acid (PFSA)
membranes produced by DuPont (now by Chemours) are the
most widely used membranes for PEM fuel cells due to their
high proton conductivity and high thermal and mechanical
stability [71]. The PFSA molecule is composed of a polyte-
trafluoroethylene (PTFE) main chain, perfluoroethylene side
chain, and sulfonic acid group [72]. The PTFE main chain
is hydrophobic and determines the mechanical and chemi-
cal stability of the proton exchange membrane [73]. The
sulfonic acid end groups are the primary active components
for proton conductivity.

Due to the different side chain lengths, PFSA mem-
branes can be divided into long side chain (LSC) mem-
branes and short side chain (SSC) membranes [74-76].
The former is represented by Nafion film [77], while the
SSC PFSA was launched by Dow Chemical in the last cen-
tury, albeit at a higher cost than LSC PFSA. The molecu-
lar structures of these two types of PFSA membranes are
shown in Fig. 5a, b. In 2010, Solvay—Solexis produced and
launched the Aquivion SSC membrane. Compared with
the Nafion LSC membrane, Aquivion SSC membranes
show higher ionic conductivity, higher water absorption,
similar mechanical properties, and higher glass transition
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temperature [78] to therefore present better performance
in MEA, particularly at low humidity (Fig. 5c¢). Notably,
the water content of SSC membranes is significantly larger
due to their much higher ion exchange capability (IEC),
which indicates that the network of hydrophobic channels
is poorly developed compared to LSC analogues. In the
past, thicker PFSA membranes (e.g., 180 um Nafion N117
or 120 pm Nafion N115) were widely used in PEM fuel
cells, which offer good mechanical strength and low gas
permeation but low proton conductance due to their large
thickness. At present, PFSA membranes may be less than
10 um and have shown significantly improved proton con-
ductance and lower ohmic losses, which, however, suffer
from high gas crossover. A thinner membrane can lead to
reduced Faraday efficiency, accelerated degradation, and
even safety risks.

During PEM fuel cell operation, the proton conduc-
tivity of the membrane is always affected by temperature
and humidity. Usually, low temperature and high humid-
ity benefit the proton conductivity of the PFSA membrane.
PFSA membranes demonstrate excellent proton conductivity
at 80-90 °C in humidity [79]. In contrast, increased tem-
perature is always preferred for fuel cell operation because
high kinetics, energy efficiency, and output power can be
obtained. Moreover, catalysts suffer from less CO-induced
degradation at high temperatures [80-83]. Another benefit
at high temperatures is that PEM fuel cells offer easier heat
and water management. These optimal working conditions
for fuel cells are actually not conducive to good operation of
PFSA membranes. For example, a high working temperature
will lead to membrane degradation and failure due to dehy-
dration. On the other hand, when PEM fuel cells are stored
in cold environments (cold regions), some of the water is
confined in the polymer chain, which is readily frozen on the
membrane surface. Once frozen PEM fuel cells are directly
initialized, pinholes easily form on the membrane surface
[84, 85]. Therefore, a type of membrane that is propitious to
a wide temperature range, especially at high temperatures, is
crucial for future PEM fuel cell development [86].

To develop advanced membrane materials for high work-
ing temperatures, several efficient strategies have been pro-
posed. The modification of conventional PFSA membranes
is an efficient technique to improve the high-temperature
properties, for example, tuning the acid groups in PFSA mol-
ecules, including: (1) increasing acid group concentration
and changing the position of sulfonic acid groups, which is
beneficial for proton conductivity; (2) building multiblock
copolymers with long hydrophilic/hydrophobic blocks and/
or copolymers with locally high sulfonic acid group con-
centration to increase proton conductivity; (3) developing
branched polymers; (4) filling polymers into porous sub-
strates with high strength; (5) doping hydrophilic additives
into the polymers; (6) incorporating polymers with water-
free acid, ionic liquid, heteropoly acids, triazole or imida-
zole; and (7) fabricating polymers nanofibers to reinforce the
membrane [87]. In addition, new types of membrane mate-
rials have been developed for high working temperatures,
including sulfonated hydrocarbon polymers, e.g., sulfonated
derivatives of poly(arylene ether)s (SPAEs), poly(arylene
sulfide)s (SPASs), polyimides (SPIs), polybenzimidazoles
(PBIs), polyphenylenes (PPs) and their composite mem-
branes (Fig. 6a, b). These materials can be synthesized from
diverse monomers via various routes to obtain a variety of
structural architectures [88]. Particularly for high-temper-
ature PEM fuel cells, phosphoric acid (H;PO,, PA)-doped
PBI membranes have been widely used without humidifica-
tion due to their low cost and excellent chemical and thermal
properties in the temperature range from 100 to 250 °C.
PA has proven to be a superior dopant because the derived
membranes always offer high conductivity, excellent ther-
mal stability, and very low vapor pressure at high tempera-
tures. For example, Tang et al. studied the properties of a
PA-doped ultra-porous membrane, which can operate in
the temperature range of —20-200 ‘C. The membrane can
also maintain a high retention rate of PA under the condi-
tion of high humidity, and the proton conductivity is three
orders of magnitude higher than that of the traditional high-
density PA-doped polybenzimidazole membrane. Usually, a
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nonhumidified PA-doped membrane operates at 140-180 °C
to avoid PA leaching caused by water condensation [79].

Proton transfer within polymer matrices often follows
two possible mechanisms: vehicular and Grotthuss mech-
anisms. The vehicular mechanism refers to proton diffu-
sion and migration in the form of a hydronium ion (H;0™)
through the aqueous medium. On the other hand, the Grot-
thuss mechanism refers to proton hopping between water
molecules by hydrogen bonding [89]. It is generally accepted
that proton conduction in PA-doped PBI membranes primar-
ily follows the Grotthuss hopping mechanism, as illustrated
in the following equations [90].

that when using cerium oxide as a radical scavenging agent
within membranes, the working lifespan is much longer
than that of the reference membrane under accelerated
durability test conditions [96-98].

Another reason for membrane failure is mechanical deg-
radation [7]. The harsh condition of dynamic load readily
leads to membrane mechanical degradation (Fig. 7b). In a
dynamic load protocol, mechanical stress is generated inside
the membrane and causes mechanical degradation [10].
Additionally, the volume change of the membrane is very
sensitive to humidity. In the fuel cell startup process, the
membrane absorbs water and expands, leading to expansion
pressure [99]. To improve the mechanical stability under

. - +
Anode: H,PO, +H" 2 H;PO, N complex stress, the membrane is usually strengthened by
Membrane : H;PO, + PBI 2 H,PO} +PBI-H* or H;PO, + H,0 2 H,PO; + H,;0" 8)

using porous polytetrafluoroethylene (PTFE) fibers. PTFE-
Cathode: PBI- H" = PBI + H" (9)  reinforced PEMs can be obtained by multicoating PFSA

Considering the high-temperature conditions, the relevant
PA helps proton hopping even without water. That is why
the PA-doped PBI membrane enhance the proton exchange
properties under high temperatures.

It was also reported that protonated phosphonic acid elec-
trodes remarkably improved the performance of high-tem-
perature PEM fuel cells. A perfluorosulfonic acid proton can
be transferred to the phosphonic acid to enhance the anhy-
drous proton conduction of fuel cell electrodes. For example,
a protonated phosphonic acid PEM fuel cell exhibited a rated
power density of 780 mW cm™2 at 160 °C, with minimal
degradation during 2 500 h of operation and 700 thermal
cycles from 40 to 160 °C under load [91].

The degradation and failure mechanisms of membranes
must be discussed. Harsh conditions, including open-cir-
cuit/idling and dynamic loads, can cause severe membrane
degradation. The commonest failure mechanisms of proton
exchange membranes can be divided into two categories:
chemical and mechanical degradation [92]. The open-cir-
cuit/idling is the main trigger for chemical degradation,
which is usually caused by oxygen molecules infiltrating
from the cathode to the anode side. The trace oxygen on
the anode side can be reduced by Pt catalysts and form
harmful HOO- and HO- free radicals. The attack by free
radicals then likely destroys the fluorocarbon main chain
in the PFSA membrane, directly affecting the mechanical
strength and proton conductivity of the membrane, which
leads to membrane degradation (Fig. 7a) [93]. According
to this chemical degradation mechanism, wiping out or
reducing free radicals is critical. The grafting of free radi-
cal scavengers and organic antioxidants can help polymer
membranes obtain superior chemical stability and main-
tain proton conductivities [94, 95]. It has been reported
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ionomers onto porous PTFE webs prior to solvent evapora-
tion. The application of PTFE-reinforced thin PEMs in fuel
cells not only significantly contributes to the improvement
of cell performance by reducing the internal cell resistance,
but also reduces the usage of PFSA ionomers. At present,
Gore-selective® membranes are the most commonly used
membranes in commercial applications.

In addition to the membrane, the ionomer is an important
component toward building a proton transfer network. As
mentioned in Sect. 2.1, the tested ORR activity is different
between using RDE and MEA. One of the main factors may
be that a larger number of ionomers are needed in the thick
catalyst layers in MEA tests than in RDE. Ionomers play an
essential role in proton transfer and distribution across the
catalyst layer but usually block the active sites and porous
structures (Fig. 8a). Therefore, the desired catalyst layer
highly depends on the ionomers. Moreover, the catalyst layer
and the membrane present different requirements in PEM
fuel cells. Although both require low swelling and chemi-
cal and mechanical durability [68], the major distinction
between ionomers and membranes is that ionomers need
high gas permeability, while membranes need low gas per-
meability. Therefore, using different polymers for catalyst
layers and membranes might be an alternative solution.

Several research groups have reported significant improve-
ments in fuel cell performance without any remarkable adverse
effects by using highly oxygen-permeable ionomers (HOPIs)
in the catalyst layer (Fig. 8b). Jinnouchi et al. reported that a
HOPI incorporating a ring-structured monomer significantly
enhances both the interfacial oxygen permeation and ORR
activity. This occurs because the high oxygen solubility allows
high permeation and mitigates catalyst poisoning by one or two
oxygen atom(s) of the terminal sulfonate group [100, 101].
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Fig.7 a Chemical degradation
mechanism of the PFSA mem-
brane. Reprinted with permis-
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Major transport processes required for ORR are con-
trolled by the thin ionomer film covering the Pt catalyst.
After the interface between the ionomer and Pt has been
formed, the sulfonic groups on the side chain of ionomers
become oriented toward the catalyst surface, and an inter-
face with phase separation forms. In contrast, the phase
separation at the catalyst/ionomer interface is poor if the
ionomer forms an interface with a weakly interacting sub-
stance such as carbon. Therefore, the interfacial structure
depends on the surface properties of the catalyst (such as
the concentration of Pt and the crystallinity of the car-
bon support), thus changing the physical properties of the
ionomer, which in turn affects the water absorption, proton
conductivity, and gas permeability at the interface [103,
104]. The use of short-chain ionomers with low equivalent

weight and more sulfonic groups in the cathode catalyst
layer (CCL) can improve the coverage and proton con-
ductivity of ionomers compared with long-chain ionomers
[104]. To result in ionomers being homogeneously distrib-
uted, the interaction between the carbon support and iono-
mer is of importance. The carbon support can be modified
by introducing NH, or N groups to obtain positive charges,
thus promoting ionomer distribution on the carbon sup-
port [105]. Meanwhile, it is necessary to provide high IEC
without inducing negative effects on the catalyst and to
further provide high oxygen permeability [100, 103, 104,
106, 107]. Ideally, the ionomer should be evenly distrib-
uted in the catalyst layer to realize the most accessible
active sites, the lowest oxygen transport resistance, and
sufficient proton conductivity. The performance of PEM
fuel cells can be effectively improved by optimizing the
catalyst/ionomer interface during MEA manufacturing.
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Fig.8 a Schematic diagram of
the oxygen diffusion pathways
in PEMFCs. Reprinted with
permission from Ref. [102].
Copyright © 2022, The Royal
Society of Chemistry. b Sche-
matic diagrams of the hypoth-
esized ionomer structure at 02
the Pt surface for conventional
ionomers and high-oxygen-
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2.3 Gas Diffusion Layer (GDL)

GDL usually consists of a substrate layer (usually carbon
cloth, carbon paper, and carbon felt, as shown in Fig. 9a—c)
and a microporous layer (MPL). The MPL is coated on the
hydrophobic treated substrate layer [108—110]. In MEAs,
as shown in Fig. 1b, the MPL is in direct contact with the
catalyst layer, and the substrate layer is in contact with the
outside bipolar plate (BPP) [110].

Given the location of the GDL in the MEA, it is easy to
understand the functions of the GDL, which provides sta-
ble mechanical support and corrosion resistance to protect
the catalyst layer from damage and maintains good inter-
facial contact with the catalyst layer and BPP to ensure
smooth flow of each transmission channel (e.g., electricity,
heat, water) [108, 112—114]. During the operation of a fuel
cell, electrons are efficiently conducted between the BPP
and the catalyst layer via the GDL, and similarly, the heat
generated by the catalyst layer is efficiently transferred to
the BPP via the GDL. Therefore, the GDL mainly serves
the important functions of conducting electricity and heat
and transporting reaction gases [115, 116].
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agglomerate

As shown in Fig. lc, protons transport from the anode
to the cathode along with the water flow. It is thus neces-
sary to maintain sufficient water at the anode side to ensure
efficient proton transport [117-119]. Accordingly, the GDL
at the anode side requires a certain degree of hydrophilicity
to ensure that there is enough water for the membrane and
ionomer to conduct protons. However, according to Eq. 2,
the cathode reaction produces a large amount of water (espe-
cially under heavy working conditions), some of which is
transferred through the PEM to the anode, while the rest of
which needs to be efficiently exhausted through the GDL to
the flow fields [120]. Without proper exhaust, the water can
cause a series of problems due to flooding at the cathode.
The problem of water management on the cathode side is
opposite to that on the anode side. Therefore, the GDL on
the cathode needs to be more hydrophobic than that near
the anode [121, 122]. GDLs at both sides need to possess a
suitable pore size distribution, porosity, and pore structure
to allow the liquid water in the CL to enter the GDL [123].

Combining these requirements, an ideal GDL should
meet the following criteria: (1) sufficient mechanical sta-
bility (high compression ratios and high bending stiffness);
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Fig.9 SEM images of a carbon
cloth, b carbon paper, and ¢ car-
bon felt. Reprinted with permis-
sion from Ref. [111]. Copyright
© 2022, Elsevier Ltd

(2) excellent chemical stability (surface stability and high
corrosion resistance); (3) excellent electrical conductivity;
(4) high thermal conductivity; (5) suitable pore size distribu-
tion, pore structure, and porosity; (6) excellent gas perme-
ability; and (7) suitable hydrophilicity and hydrophobicity
[108—110]. In the pursuit of optimum PEM fuel cell perfor-
mance, it is essential to optimize the GDL [108, 109, 124,
125]. Current research advances in GDLs revolve around
optimizing water management by enhancing MPLs and the
structure of GDLs.

It has been widely accepted that optimizing MPLs is
an efficient strategy to assist in water management [126].
MPL minimizes the contact resistance between the CL and
GDL and is effective in limiting catalyst ink entry into the

Fig. 10 a MPL with hydrophilic
fibers (i.e., aluminosilicate fib-
ers) to improve water removal
by providing preferred water
pathways. b SEM image of the
MPL surface showing the heat-
affected zones around holes
generated by the laser when
both the substrate and MPL

are perforated. Reprinted with
permission from Ref. [110].
Copyright © 2017, Elsevier Ltd

GDL and active material loss. Currently, optimization and
improvement of MPLs revolve around (1) the thickness of
MPLs [127-129], (2) the porosity and pore size distribu-
tion of MPLs [130-133], (3) hydrophobic or hydrophilic
modifications of MPLs (Fig. 10a) [134—138], (4) MPLs with
multiple hydrophilic and hydrophobic layers [139-143], and
(5) modifications of MPL structures (Fig. 10b) (e.g., cracks
and perforations as the liquid water pathway to the substrate
layer, etc.) [144-149].

The hydrophobicity of GDL conventionally comes from
the employment of hydrophobic agents. However, these
agents cannot withstand high sintering temperatures. There-
fore, most of the studies at present are focused on struc-
tural modifications of GDLs to enhance their water transfer

0 pm perforation
'»‘ -y lm‘
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Fig. 11 a SEM image of a
perforated GDL. Reprinted
with permission from Ref.
[151]. Copyright © 2013, The
Electrochemical Society. b
Schematic diagram of liquid
water transport with and with-
out a water transport channel.
Reprinted with permission from
Ref. [153]. Copyright © 2010,
Elsevier B.V
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Table 1 Physical/

; Characteristic Calculation or test method Refs.
electrochemical
characterizations needed to Electrochemical active area (Agcy) (m? gp, ™) Agen = 100xs
preliminarily screen ORR . . 021Vxmp,
catalysts Mass activity (4y,) at 0.90 V (A mgp, ™) 1,1 _1, + [159]
IR e gemracipg vt ot
Ayia = 2
MA =
Specific activity (1g,) at 0.90 V (mA cm™2) r_+r,r_1r,_ 1 [160]
0 e e 0.620FACDY v /ool
Agp=-
SAT A

S is the hydrogen desorption peak area; V is the scan rate; mp, is the mass of Pt; j, ji, and ji, are the meas-
ured, kinetic, and diffusion-limited current densities, respectively.

capacity, e.g., perforation (Fig. 11a) [109, 110]. Perforat-
ing the GDL can also be effective in optimizing the water
management performance of the GDL. Most of the current
research in this area has been carried out by microdrilling,
electrodischarge machining (EDM), or laser perforation to
create preferential water channels along diffusion channels
in GDL structures [150-157]. Water flows out through the
perforated water channels, while the gas moves through the
diffusion channels (Fig. 11b). It has been shown that dur-
ing EDM or laser perforation, the diffusion channels around
the water channels gain some hydrophilic pores due to the
degradation of the hydrophobic layer. This strategy improves
the wettability of the GDL while enhancing liquid water
removal, effectively improving water management perfor-
mance [150, 152, 158].

2.4 Materials Screening Prior to MEA
Manufacturing

All the abovementioned advanced materials serve better
MEA manufacturing. Although the performance of each key
material has been significantly improved, some of these are
still far from being implemented in commercial applications
because they cannot meet the preliminary requirements. In
an established MEA manufacturing line, a large amount of
characterization is initially required prior to integrating these
new materials. The main properties that need to be charac-
terized to screen for suitable materials are listed in Tables 1,
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2, 3 and 4. Finally, the selected materials to be integrated

Table 2 Physical/electrochemical characterizations needed to prelim-
inarily screen the membrane

Characteristic Calculation or test method Refs.

Proton conductivity (6) (S ¢ = L [161]
cm_l) RS

Water uptake (W) (%) W%RH) = (Wpyy — %) w100 [162]

Swelling rate (agy,) (%) gy (%) = Dw%r’:dry % 100% [163]

Rate of gas crossover (cm? D;nem _ 5= [69]

s S

L is the distance between the two electrodes in cm, R is the resistance
value of the membrane and S is the cross-sectional area of the mem-
brane in cm?; D, and Dy, are the thicknesses of the wet and dry
membranes, respectively; S7™ and K" represent the gas solubility
in mol m™> Pa~! and the gas permeability coefficient in mol m~! Pa™!
in membranes, respectively.

Table 3 Physical/electrochemical characterizations needed to prelim-
inarily screen ionomers

Characteristic Calculation or test method Reference

consumed NaOH(ml)xmolarity NaOH
weight of dry membrane

IEC (mequiv g™))  [EC = [161]

Trace metal element ICP—OES
content (pg g~V
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Table 4 Physical/
electrochemical

characterizations needed to
preliminarily screen GDL

Characteristic Calculation or test method Reference
Pore structure Capillary flow porosimetry [164]
D= 4ycosd
P
In-plane electrical conductivity (Q cm) Four-probe method [164]
PepL = CIR
Through-plane electrical conductivity (€2 cm) Rpp = Un A [116]
I
- ivi i -l gt L1 1
In-plane thermal conductivity coefficient (W m™ K™) ¢ GDLin = W(E - R_o) [164]
Effective diffusion coefficient (cm? s™") peff = S [164]
t RapL
Surface wettability Sessile drop technique [164]

Mechanical properties

Tensile strength & compressibility — [164]

D is the pore diameter, y is the surface tension of the working fluid, € is the contact angle of the working
fluid, P is the pressure difference between the nonreacting gas and working fluid; pgp; is the bulk resistiv-
ity of the GDL sample, C is the geometry-dependent correction factor, ¢ is the thickness of the GDL sam-
ple, R is the calculated resistance; Ryp is the through-plane resistance, U, is the measured voltage drop, / is
the constant current, A is the surface of the specimen; L is the length of the heat transfer pathway, W is the
sample width; f'is the geometry-dependent correction factor.

into an MEA require further testing and quality inspection,
followed by large-scale manufacturing [2].

3 State-of-the-Art Membrane Electrode
Assembly Manufacturing Processes

The MEA fabrication process generally includes ink dis-
persing, electrode coating, electrode drying, slitting and
cutting, component assembly, and pressing (Fig. 12a—f). In
the following sections, we will discuss the progress of each
step toward complete MEA manufacturing by dividing them

Fig. 12 a—e General MEA |
fabrication process, including J
ink dispersing, coating, drying, ‘
cutting, assembly, and pressing
A8
e
Catalyst \
=)

Tonomer

Solution

¢
y / / J 4

@ cCeM

Frame

@ /

Cutting

Ink dispersing

into three parts, i.e., electrode processing, cell assembly, and
quality assurance.

3.1 Electrode Processing
3.1.1 Ink Dispersion Step

The goals of the electrode ink mixing step are to break up
catalyst agglomerates and maximize the affinity between
catalyst and ionomer, i.e., dispersion degrees. The quality
of catalyst ink dispersion plays a major role in determining
the final electrode structure and in turn influences the per-
formance and durability of the PEM fuel cell. Catalyst ink

o

Hot air dryer
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usually contains solvent, ionomer (e.g., Nafion), and catalyst
powder. To achieve high electrode performance in terms of
activity and/or durability, understanding and optimization of
the ink formula are important. The catalyst/ionomer inter-
face depends on the interaction between the catalyst and
ionomer, as well as the dispersion of the catalyst/ionomer in
the solvents. Many methods/techniques have been proposed
for electrode ink preparation, including ultrasonic disper-
sion [165], sonication [166], ball milling dispersion [167],
mechanical shear dispersion, and high-pressure homogeniza-
tion dispersion (Fig. 13a—c) [168].

Extended molecule chains of ionomers possess a hydro-
dynamic diameter between 20 and 30 nm. In primary aggre-
gation, the ionomer aggregate diameter is approximately
300 nm due to the hydrophobic interaction of the fluorocar-
bon backbone. In secondary aggregation, ionomer aggre-
gates with a diameter above 1 000 nm form via electrostatic
interactions of side-chain ion pairs [170]. In catalyst ink,
however, ionomer aggregation is undesired. The solvent for
the ionomer solution affects the aggregate size. The aggre-
gation size of short side-chain ionomers can be controlled
by increasing the dipropylene glycol (DPG) content (the

Fig. 13 a Hydrodynamic a 12 -
diameter distribution of clusters

in slurry prepared by different

dispersion equipment. Illustra-

tions of the b high-pressure 9
homogenizer method and ¢
high-shear emulsifier method.
Reprinted with permission from
Ref. [169]. Copyright © 2022,
Elsevier Ltd

Volume/(qxr’/%)

solvent) because the hydrophobic backbone main chain of
short side chain ionomers becomes more mobile due to their
high solvating power. Reasonably, the decreased ionomer
aggregation leads to a more homogeneous ionomer distribu-
tion in the catalyst layer, which can facilitate proton transfer
at low relative humidity (RH) conditions [171]. The applica-
tion of different solvents in ionomers also shows a significant
effect on MEA durability. It was specifically shown that non-
aqueous dispersion solvents are more beneficial than aque-
ous solvents [172]. For the requirements for long lifetime
applications, such as heavy-duty fuel cell vehicles (where
the US DOE targets 25 000 and 30 000 h in 2025 and 2030,
respectively), this effect should particularly be considered.
Therefore, the content of alcohol as a solvent in the ionomer
solution can be adequately increased to enhance the service
life of final MEAs.

A solvent is also needed when preparing the catalyst ink,
in addition to the ionomer solution. Ink formulation is a
critical factor for the formation of catalyst layers. It should
be noted that the solvent used for catalyst ink preparation
does not need to be the same as the solvent for ionomer
solution. The size distribution of aggregates (containing both

—a— BRT-1H

—e— Homogenizer-1H
—a— Ball milling-1H

‘ wv— Ultrasonic-1H
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Fig. 14 a Pt/C agglomerate size distribution of catalyst inks dis-
persed in different solvents measured by laser diffraction. Reprinted
with permission from Ref. [172]. Copyright © 2021, Electrochemi-
cal Society, Inc. b Schematic illustration of the effects of reducing the
alcohol content in isopropyl alcohol/water on the colloidal structure
of the prepared fuel cell catalyst ink. Reprinted with permission from
Ref. [179]. Copyright © 2019, American Chemical Society

the ionomer and catalyst), as well as the stability and viscos-
ity in catalyst ink, significantly depends on the quality of
the dispersion solvent (Fig. 14a). The solvent in the catalyst
ink tailors the micro/nanostructure of the catalyst/ionomer
interfaces [173]. First, the dielectric constant of the solvent
affects the catalyst—ionomer aggregation size: when exces-
sively high or low, the dielectric constant leads to signifi-
cant ink agglomeration. A solvent with a moderate dielec-
tric constant would be helpful in improving the ink stability
[174, 175]. In addition, the solvent composition should be
considered. For example, solvents with high boiling points
usually form larger catalyst-ionomer aggregates in the final
catalyst layer, resulting in more secondary pores and lower
mass transport resistance [176, 177]. However, high boil-
ing point solvents require higher temperatures for drying,
presenting higher toxicity and leading to severe swelling of
the PEM [178]. Traditional ink solvents are used as organic
solvents. Recently, to decrease the cost and mitigate the
environmental risks associated with organic solvents, the
water-rich catalyst ink strategy has been receiving rapidly
growing interest (Fig. 14b) [179].

In addition to the solvent, the ratio of ionomer to car-
bon, namely, the I/C ratio, is also crucial in catalyst layer
structure optimization. The ionomer plays an important role

in dispersing ink—homogeneous ink cannot form without
the assistance of the ionomer [167]. It was reported that
the catalyst can absorb more ionomers in a high /C ratio,
thus increasing the fracture toughness of catalyst layers and
reducing crack width [180]. However, a high I/C ratio may
result in negative effects. In the catalyst layer, inhomoge-
neous ionomers cover active sites, decrease the available
active site density, and increase the local oxygen transport
resistance, thus leading to ORR activity loss. Therefore,
neither a high nor low //C ratio is desired. The MEA with
a moderate ionomer content of ~26 wt.% (wt.% means the
weight percentage) shows the highest performance in terms
of electrokinetic parameters, such as ECSA, suggesting bal-
anced electronic and ionic percolation within the catalyst
layer [181]. Notably, the ionomer requirement depends on
the Pt loading. It has been found that the optimal ionomer
content increases as the Pt loading decreases [182].

The properties of the ionomer itself are also aligned with
the catalyst layer quality. Usually, ionomers with lower
equivalent weights (EWs) possess higher proton conductiv-
ity [183] but are sensitive to water. In this regard, using a
low EW ionomer readily leads to a swelling phenomenon.
For example, in the representative Pt—Co alloying catalyst
ink, applying a low EW ionomer causes more loss of Co and
of lattice contraction compared to Nafion ionomer [184].
Nevertheless, the choice of ionomer depends on the cata-
lyst type because the dispersion of catalyst ink depends on
not only the solvent and ionomer but also the interaction of
ionomer and carbon particles in the ink [185].

To reduce local mass transport resistance through the plati-
num-ionomer interface, the coverage of the ionomer over the
catalyst needs to be uniform. One approach for achieving a
homogenous distribution is by modifying the carbon support
with N functional groups [186]. In this regard, the Coulombic
interaction between the ionomer and N groups on the carbon
support helps homogeneous ionomer distribution and improves
reproducibility during the ink manufacturing process [187].
Moreover, a high-surface-area carbon support demonstrates
a higher ink viscosity due to both a higher internal porosity
and a more agglomerated structure that increases the effective
particle volume fraction [176]. Therefore, to obtain a higher
ink viscosity coating, applying a high-surface-area carbon sup-
port catalyst is the desired technique.

Temperature is a key parameter in the fabrication of cata-
lyst inks, which may be overlooked during the preparation
of catalyst inks. It is preferred to prepare the catalyst ink in
an ice bath due to the shear-thinning behavior at elevated
temperatures [188]. The catalyst ink must be mixed for a
sufficiently long period to obtain good and stable cell perfor-
mance. Once the catalyst ink forms, the aggregation evolu-
tion should be considered as it depends on storage time and
conditions. As shown in Fig. 15a—c, the state of the catalyst
ink remarkably changes within 24 h of storage [189].
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Fig. 15 a—c Slice images of the interior of a catalyst ink sample show
the state of the ink changing markedly over time. Reprinted with per-
mission from Ref. [190]. Copyright © 2018, The Electrochemical
Society

Before proceeding to the coating step, the catalyst ink
needs to pass a comprehensive evaluation. Conventional
visual inspection of the catalyst ink is insufficient due to
the difficulties in tracking variations in the catalyst ink over
time. Therefore, a comprehensive evaluation including the
aggregation scale, particle size distribution, zeta potential
(&), and rheological properties such as viscosity, surface ten-
sion, and contact angle is necessary [180]. Then, the large
agglomerates and air bubbles in the catalyst ink should be
removed to minimize spots in the coating films.

3.1.2 Coating Step

The catalyst layers for MEA are typically fabricated through
two methods: catalyst-coated substrates (CCS) [191] and cat-
alyst-coated membranes (CCM) [191]. In the case of CCS,
the as-prepared catalyst inks are coated on the GDLs to form
electrodes (anodes and cathodes, to be specific), which are
then sandwiched with the membrane. The CCS method is
usually employed in laboratory investigations due to its easy
operation and control. However, for industrial production,
CCS offers low efficiency. Alternatively, the CCM method is
widely used in the manufacturing line, which directly coats
anode and/or cathode catalyst inks onto both or one side of
membranes prior to pressing with GDLs. It has proven that
the MEAs prepared by the CCM method not only offer high
catalyst utilization but also show a smaller contact resistance
and charge-transfer resistance, which results in the fuel cells
demonstrating promising power output [192]. If the catalyst

Fig. 16 a—c Spray coating, a
knife-over-edge coating, slot-die
coating. Reprinted with permis-

sion from Ref. [203]. Copyright

© 2016, Springer Nature
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ink is coated on one side of the membrane, a decal trans-
fer process is required that transfers the catalyst layer coated
on a substrate (usually PFTE) to the membrane coated with
the catalyst ink on another side, typically in a hot-pressing
transfer step. Such a method is often used to prevent solvents
from swelling the PEM [193]. However, compared to the
direct coating process on both sides of the membrane, the
decal transfer process cost is higher. Assuming a production
volume of 500 000 per year for light-duty vehicle stacks, the
total cost of decal substrate material and transfer processes is
approximately 1.67 times the electrode coating process [193].

The coating method includes screen printing, inkjet print-
ing, spray coating (Fig. 16a), doctor blade coating/knife coat-
ing (Fig. 16b), and slot-die-coating (Fig. 16¢) [194-200].
To date, the most widely used electrode-coating instrument
for reliable upscaling is the slot-die coater [201]. The slot-
die coating process is a continuous process that benefits
industrial production. Importantly, the electrodes produced
by slot-die coating have shown superior film homogene-
ity. By applying the slot die coating process, appropriate
operating parameters, such as the coating speed, flow rate,
vacuum pressure, coating gap, liquid viscosity and surface
tension can be adjusted and controlled properly [202]. The
uniformity of the wet layer applied by slot-die deposition, for
instance, is affected by process parameters such as substrate
speed, vacuum pressure applied at the upstream meniscus,
the gap between the slot die lips and substrate, ink rheology,
and other ink and substrate properties (Fig. 17a, b) [202].

At present, the most advanced technique for meeting pro-
duction volume requirements with continuous CCM produc-
tion is the roll-to-roll (R2R) coating process. A schematic
illustration of R2R coating technology is shown in Fig. 17c,
d. Its advantages of high throughput and environmental
friendliness are expected at various industrial sites [204].
The R2R coating technique can be adapted to manufacturing
in accordance with target specifications, such as the coated
layer thickness, rate and dimension of the coating product,
and width of the coated film [203]. The catalyst coating
quality is determined by balancing the stability of the cata-
lyst ink and the coating conditions [205].

During the coating process, cracks and voids inevitably
appear. Cracks and interfacial voids present both advantages
and disadvantages [207]. On the one hand, cracks and voids
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Fig. 17 a Photographs of the
slot die coating using R2R.
Reprinted with permission from
Ref. [193]. Copyright © 2021,
Elsevier B.V. b A slot-die is
used for testing the distribution
along its width and for coating
with carbon ink, and a flat plate
is used to close the slot-die.
Reprinted with permission
from Ref. [206]. Copyright ©
2013, ASME c Configuration
of a general R2R printing and
coating system. Reprinted with
permission from Ref. [203].
Copyright © 2016, The KSPE c
and Springer. d Photographs of
the roll-to-roll coating station.
Reprinted with permission from

Slot-die coater

Hot air dryer

Ref. [193]. Copyright © 2021,

Elsevier B.V
Backup roller Q

Preheater

Rewinder

Dancer roll Idle roll Unwinder

possibly deteriorate cell performance due to less electrical
contact in the MEAs, reducing the MEA lifespan. On the
other hand, cracks can enhance liquid and gas transport in
the MEA. Therefore, it is important to balance crack and
void formation to ensure high performance and durability
under the operating conditions of PEM fuel cells [208].
Cracks and voids can be controlled by optimizing the ink
formula. The addition of a high boiling point solvent [pro-
pylene glycol (PG)] to the catalyst ink can suppress crack
formation [194]. This occurs because the solvent with a high
boiling point is retained during drying, thus inhibiting the

agglomeration of Pt/C particles and reducing the generation
of cracks.

3.1.3 Drying Step

Drying is an indispensable step in the production of catalyst
layers. The goal of the electrode drying step is to remove
the solvent and create an electrode with uniform morphol-
ogy, structure, and properties (Fig. 18a). During drying,
the solvent molecules near the surface are vaporized first.
Therefore, drying is a key process that controls the porous
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Fig. 18 a Fabrication process a
steps of the catalyst layer.

Reprinted with permission from

Ref. [211]. Copyright © 2018,

The Electrochemical Society. b

Weight variation of the catalyst & 3

(Coating/drying process of catalyst ink)

) 9 )

—

ink at constant temperature “"y ‘5{ N &
and humidity and schematic il
diagrams of the state of the Coating Drying Catalyst layer
catalyst ink at representative (solid)
times. The samples were dried
at 40 °C and 0% RH (40-Dry), b
20 °C and 0% RH (20-Dry), and Lo —==-40-Dry — Catalyst ink
20 C and 80% RH (20-Humid). i ——20-Dry =10 - * S ’ r-" —
Reprinted with permission from 0 \ = = 20-Humid - ’ N ’ Y -
Ref. [210]. Copyright © 2016, E e \ - = Saturated w/ solvents “E‘ 5 ‘ [ - 5
Elsevier Ltd g \ = + =Completely dried g 5 ‘- ’
gﬂ 04 | - E. Fully saturated CL
= SO = = L\ i
0.2 - o _\_\_‘__‘_‘_ . A
Fo =Y - Completely dry CL
0.0 : . f, \ 5 5 E g
0 20 40 60
Elapsed time/min

structure because it affects the rate of solvent evaporation
and void reduction. Meanwhile, the drying step is help-
ful in removing solvents in catalyst layers and enhancing
cell performance [209]. Various physical phenomena can
occur during drying, such as binder migration, membrane
shrinkage, catalyst layer cracking, and sedimentation [210].
Accordingly, the drying temperature, drying rates, and dry-
ing humidity should be well controlled during this drying
step (Fig. 18b).

The pore size distribution and specific pore volume in
the catalyst layer can be modified by controlling the drying
conditions. For example, raising the temperature during the
drying step can facilitate the evaporation of the solvent in
catalyst ink and induce a large pore volume, especially in
terms of the secondary pore [212]. Meanwhile, when a thick
liquid film catalyst layer is coated, its high evaporation rate
leads to an enrichment of ionomer at the top surface of the
dried layer [213]. In addition, the drying rate has little effect
on the pore size formation but shows effects on the porosity
[210]. We emphasize that material properties must be con-
sidered in parallel with altered drying conditions.

Common drying methods include vacuum drying, oven
drying, and freeze drying. To reduce Pt loading, the thick-
ness of the catalyst layer is currently very thin. For such a
low-Pt-loading catalyst layer, one bottleneck is its high gas
transport resistance. Therefore, it is necessary to consider the
pore distribution to facilitate mass transport in the catalyst
layer. Recently, it was found that freeze-drying offers advan-
tages over common drying technology. Freeze-drying, com-
monly known as lyophilization, comprises the removal of
the solvent directly from the solid phase to the vapor phase
through sublimation, which results in an increase in porosity
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compared to other drying methods. This not only increases
porosity but also forms a broader distribution of pores from
the microscale up to the macroscale, thus improving Pt uti-
lization [214, 215]. As shown in Fig. 19, after freeze-drying,
the porosity of the catalytic layer is higher than that by using
other drying methods. It was also found that freeze drying is
more conducive to uniform distribution of ionomers in the
catalyst layer [216].

To ensure the quality of the drying step, appropriate
methods are needed to monitor the drying process and
characterize the resulting catalyst layer. Contrast-variation

Oven Dry Vacuum Dry Freeze Dry
(Sublimation)
600
bl m  CCM_Oven drying
E ® CCM_Vacuum drying
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Fig. 19 Freeze-drying greatly increases the porosity of the catalyst
layer, Nyquist plot for the CCMs at 500 mA cm™2 current density.
Reprinted with permission from Ref. [214]. Copyright © 2019, Else-
vier B.V
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small-angle neutron scattering has been used to precisely
measure the thickness of the catalyst layer. In addition, this
method can elucidate the structural change of ionomers and
carbon agglomerates during the drying process. For exam-
ple, the size of the carbon agglomerates was observed to
decrease along with solvent evaporation, while the thick-
ness of the ionomer shell decreases as well during the dry-
ing process [217]. Pt/C catalysts generate aggregates dur-
ing the drying process until the catalyst layer is completely
dried [211]. "H NMR was also used to determine whether
the catalyst layer was completely dried. The microporous
structural changes of the catalyst layer could be detected
by laser microscopy using ultrasmall angle X-ray scattering
measurements and grazing-incidence X-ray scattering [194].
The drying rate is usually determined under atmospheric
SEM collocation weight measurements [210].

Despite the effectiveness of the state-of-the-art elec-
trode-manufacturing technology, undesired defects in the
electrode cannot be completely avoided. These defects
include cracks, spots, and coating irregularities [218, 219].

To assure the quality of the produced catalyst layer, accu-
rate and timely on-site detection is essential. In-line qual-
ity control diagnostics for R2R manufacturing techniques
plays a key role in the commercialization of PEM fuel
cells. Infrared (IR) thermography has been widely utilized
in fuel cell research as a nondestructive diagnostic tool
for in-line quality inspection (Fig. 20a), which also works
for the characterization of membrane pinholes [196, 218].
X-ray fluorescence spectroscopy measures the Pt loading
of the catalyst layer [193]. Recent advances in the grazing-
incidence small-angle X-ray scattering (GISAXS) com-
puted tomography technique are emerging to efficiently
characterize in situ CL and investigate the nanostructure of
the catalyst layer during the ink drying process (Fig. 20b)
[211]. Moreover, ex situ catalyst layer analysis is also nec-
essary, such as through SEM and laser microscopy obser-
vation. Nitrogen-sorption porosimetry is also widely used
for studying the morphology of micropores [220].

Fig.20 a IR thermography to a
examine the cathode side of an

MEA. Reprinted with permis-

sion from Ref. [196]. Copyright

© 2018, John Wiley & Sons,

with a wavelength of 0.100 nm
was irradiated on the catalyst
ink film at an incident angle

of 0.12°, and the scattering
patterns were recorded at 1-s
intervals on a PILATUS3X 2 M (B)
detector located at a distance of

3.5 m from the film. Reprinted

with permission from Ref.

[211]. Copyright © 2018, The

Electrochemical Society (9]
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3.2 Cell Assembly

Eligible CCM products were obtained after electrode pro-
cessing. They are then transferred to another line for MEA
assembly.

3.2.1 Slitting and Cutting Step

The produced CCM products are provided in large rolls that
need slitting and cutting to meet application requirements in
terms of electrode shape and size. The slitting and cutting
step is usually carried out by punch cutting or laser cutting.
Accordingly, edge quality is an important factor. For a real-
world production line, the cutting die must be monitored
regularly during continuous production.

3.2.2 Assembly Step

The fabricated MEAs in the production line can usually be
divided into five-in-one and seven-in-one configurations.
The five-in-one structure signifies that both sides of CCM
(2 catalyst layers and 1 proton exchange membrane) are
attached to two frames, which offer support and sealing.
Therefore, the match between CCM and frames significantly
determines the sealing property. Usually, vacuum detection
is needed to evaluate whether the sealing performance meets
requirements. In addition, a seven-in-one structure refers
to seven layers, including the five-in-one integration with
two attached GDLs. The role of the GDL is discussed in
Sect. 2.4. The assembly process is cumbersome and requires
high alignment accuracy, so the yield is relatively low, sug-
gesting that more precise and efficient industrial quality
control is required.

3.2.3 Pressing Step

A pressing step may be needed to enhance the contact among
each layer. At present, hot-pressing is a common technique.

It has been found that to achieve the maximum performance
of MEAs, hot-pressing conditions are crucial and should be
optimized [221, 222]. It is logical that high pressing pressure
provides better electrical contact between the cell compo-
nents and reduces the ohmic loss. However, excessively high
compression decreases the porosity in the GDL and leads to
high mass transport resistance for reactants and products,
as well as liquid water. Excessive pressure can also cause a
breakup of GDL fibers and deteriorate the hydrophobicity,
resulting in failures in water management [223, 224]. For
example, it was reported that increasing the applied pressure
led to high internal MEA resistance, which was attributed to
the physical confinement of the Nafion membrane and thus
limited water uptake in a fuel cell [225]. In addition to the
pressure, the pressing time and temperature also present a
significant influence on the cell performance (Fig. 21a, b)
[226].

Overall, optimizing the pressing parameters requires com-
prehensive consideration of the materials, such as the mem-
brane, frame, GDL, and temperature tolerance. To improve
production efficiency, advanced strategies such as the self-
assembled approach [228] and cold-pressing [229] have also
been proposed to replace conventional hot-pressing. How-
ever, these approaches are not yet sufficiently mature.

3.2.4 Automatic Membrane Electrode Assembly
Manufacturing

Based on the broad application prospects of fuel cells,
industrialized mass production of membrane electrode
assemblies (MEAs) is anticipated. Industrial production
usually enables high efficiency and low cost, as is the case
for the fuel cell industry. A manufacturing rate of several
MEAs per second is thus required [230]. Toward high effi-
ciency, automation is an inevitable approach (Fig. 22a).
Automation can not only save labor costs but also be ben-
eficial to improving precision control, therefore increasing
product quality and improving yield. Taking the standard
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Fig.21 a Polarization curve of MEA fabrication at different tem-
peratures with a pressure of 100 kg cm™ and a compression time of
1 min. b Polarization curve of the fabricated MEA at different pres-
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sures with a temperature of 150 °C and a compression time of 1 min.
Reprinted with permission from Ref. [227]. Copyright © 2006,
Korean J. Chem. Eng.
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Fig.22 a Complete MEA production line of fuel cells based on the
R2R manufacturing system. Reprinted with permission from Ref.
[231]. Copyright © 2016, Elsevier Ltd. b Equipment contains func-
tions such as die cutting, waste film peeling, and multiple laminations
(initial and registered laminations), which are integrated by the R2R
system. The seal lamination equipment halves the protective film of
Nafion, peels the cut scrap of the seal membrane off, and then, cold
compresses the seal-Nafion seal to form a compound membrane.
Reprinted with permission from Ref. [231]. Copyright © 2016, Else-
vier Ltd. ¢ GDL continuous overlaying system adopts R2R stack and
lamination techniques. Reprinted with permission from Ref. [232].
Copyright © 2020, IMechE

seven-in-one MEA as an example, seven layers, including
two GDLs, PEM, anode and cathode catalyst layers, and
two seal frames, must be cut to the same size and aligned
precisely. If a manual line is used, efficiency is low and
product quality crucially cannot be guaranteed. Hence,

there is significant interest in continually improving PEM
cell reliability and manufacturing efficiency while reduc-
ing manufacturing costs. It is urgent to improve production
efficiency through intelligent automation [231].

At present, R2R equipment is widely used in the catalyst
ink coating step (the middle “Roll-to-Roll Catalyst coating”
in Fig. 22a). However, for the former “seal lamination” and
subsequent “GDL overlay” processes, the R2R technique
has not yet been widely used. Figure 22b [231] and Fig. 22¢
[232] illustrate the R2R design for “seal lamination” and
“GDL overlay”, respectively.

3.3 Quality Assurance

The quality of produced MEAs is critical. In each step of
MEA manufacturing, as discussed above, we have presented
widely used approaches to perform in-line inspection, which
can efficiently provide feedback to the MEA manufactur-
ing line. Usually, both statistical process control techniques
and process control strategies are needed, where statistical
process control is used to determine the likelihood of defect-
free products based on admissible error bands for process
parameters, to trigger the process control strategy and cor-
rect the line as needed. If these two measures can be suitably
combined, additional postproduction quality control steps
may be eliminated [233].

As another important aspect of quality assurance, the
close connection and, in particular, tight feedback between
MEA manufacturing, suppliers and customers is important
(Fig. 23). The MEA manufacturer can assure quality when
delivering products based on specific/standard testing pro-
tocols. However, customers can require much more com-
plicated working conditions that may not be captured by
the existing specific/standard testing protocols. Therefore,
timely feedback from customers supplies critical informa-
tion to the MEA manufacturer. Furthermore, to meet the
requirements of the customers, the materials provided by
suppliers may also need further improvement. Over 99.9%
of failure-free stacks at the beginning of the working life-
time are needed to be output from MEA manufacturing. This
indicates less than one faulty MEA in 30 000 products [230].

4 Discussion of Material and MEA
Manufacturing Processing Constraints

In the above sections, we have presented the most recent
progress of key materials for MEAs and the manufacturing
process of MEAs. However, current materials and manu-
facturing techniques still have their own limitations and
constraints.
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Fig. 23 Quality control flow-
chart for selecting a proper
MEA. Redrawn with permis-
sion from Ref. [234]. Copyright
© 2003, The Electrochemical
Society
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4.1 Material Constraints

Pt and its alloys remain the most applicable catalysts for
PEM fuel cells. Since the cathode occupies most of the Pt
usage, the majority of efforts have focused on ORR catalysts
for PEM fuel cells [235-237]. To meet cost requirements,
the loading of Pt needs to be further decreased. However,
once Pt loading is decreased, the number of available active
sites is also decreased, thus leading to severe performance
loss [238, 239]. The barrier caused by low Pt loading has not
been completely addressed. On the other hand, PGM-free
catalysts, represented by Fe—-N—C catalysts, have emerged
and become a hot research topic in recent years. Although
the initial activity of PGM-free catalysts has been signifi-
cantly improved, it remains far behind that of state-of-the-art
Pt catalysts [240]. Importantly, PGM-free catalysts degrade
severely during PEM fuel cell operation, which presents the
primary bottleneck for deploying PGM-free catalysts [60,
241].

For membranes and ionomers, PFSAs are the most pop-
ular polymer materials for PEM fuel cells. However, the
PFSAs must be employed in a restricted operating condi-
tion, e.g., the temperature range, so that the performance can
reach a high level. However, the optimal working conditions
for membranes/ionomers are usually different from those for
PEM fuel cells. This dilemma has triggered wide interest
in exploring advanced membrane/ionomer working under
broad working conditions. For example, novel hydrocarbon-
based ionomers have been proposed, which are promising
to not only overcome these limitations but also show con-
siderable performance approaching PFSA-based materials.
However, this type of ionomer is still not mature for scale-up
applications.

Another key material discussed in this review article is
the GDL, which primarily consists of carbon cloth, carbon
paper, or carbon felt due to its high gas permeability, impres-
sive strength and elasticity under compression, corrosion
resistance in an acidic environment, and excellent electrical
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conductivity. Typically, the GDL thickness is between 200
and 400 um. The GDL is essential for water management
during fuel cell operation, while the MPL plays an impor-
tant role in the transport of reactant gases and liquid water.
However, the optimal porosity and pore size distribution,
which limit the development of the GDL, have still not been
widely agreed upon.

4.2 MEA Manufacturing Processing Constraints

In an MEA manufacturing line, the pivotal steps that sig-
nificantly determine the quality of final products include
ink dispersing and coating. For catalyst ink, agglomeration
can lead to clogged nozzles. Conventional, the dispersion
property has been an intensively focus for fresh catalyst ink.
Otherwise, this “catalyst ink stability” concept has not been
widely studied. We consider ink stability as a capability to
resist aggregation, agglomeration, flocculation, coalescence,
sedimentation, floatation, and/or creaming. The stability of
the catalyst ink changes with time. When catalyst ink decays,
an external shear force is needed to break up the aggregates
and redisperse the particles, leading to a waste of time and
labor. To date, there are two efficient approaches for con-
trolling the dispersion state and stability. The composition
of catalyst ink, such as the type of carbon support, the I/C
ratio, and the type of solvent, remarkably affects ink prop-
erties and stability, as discussed in Sect. 3.1.1. Moreover,
the ink preparation methods also strongly determine the ink
properties and stability. Notably, a long dispersion time is
usually required to obtain catalyst slurry with high stability,
although a long dispersion time will increase the preparation
cost and decrease the production efficiency. Recently, probe
sonication was found to be highly efficient in preparing a
highly stable colloidal ink [166]. One may suggest using
high-viscosity catalyst ink to yield good stability. However,
this would lead to difficulties during coating. At present,
the ink preparation step presents its own challenges in high-
efficiency dispersion and low processing cost. In addition,
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an advanced technique is required to evaluate the stability
of the catalyst ink. The rheological properties of catalyst
ink play a critical role in catalyst layer formation, which can
reflect the microstructure information, so rheology testing is
needed to quantitatively probe the bulk microstructure and
stability of inks [176]. For example, analytical centrifugation
(AC) is a nondestructive technique to study particle migra-
tion behavior [166]; X-ray computed tomography (CT) is
also useful in observing the interior changes of catalyst ink
over time [190].

For large-scale catalyst coating, using continuous R2R
technology is necessary. It should be noted that rolling can
increase the contact area between the catalyst layer and
PEM, thus reducing the contact resistance [242]. The pri-
mary challenges for R2R coating include: (1) precise trans-
mission and continuous lamination of ultrathin flexible sub-
strates; (2) synergy control and manipulation of picking-up,
alignment, levelling, laminating, and die-cutting; (3) high
precision half-die-cutting of flexible sealing film; (4) online
image capturing and microcrack detection; (5) membrane
cross section changing in MEA process; (6) microtension
control of ultrathin film; (7) uniformity of hot-pressing and
temperature controlling; and (8) clamping of coarse-fragile-
porous media [231]. In particular, the swelling of the proton
exchange membrane during the coating process must be con-
sidered for CCM production. During CCM, the catalyst ink
is directly coated onto the membrane, whereby the solvent
causes swelling and distortion. Swelling of the membrane
is the primary cause of coating defects. To alleviate swell-
ing issues, the compatibility between the catalyst ink (the
solvent, to be specific) and membranes is important. If the
catalyst ink contains too much solvent, it is more likely to
swell the PEM. In this regard, the solvent content in catalyst
ink should be optimized. On the other hand, the membrane
must fit its backing film. Commercial PEMs are usually
laminated to a backing film (PET and other materials). Dur-
ing coating, the adhesion between PEM and PET should be
maintained at a certain strength to reduce the swelling of
the membrane film. Meanwhile, the adhesion should not be
too strong, as this would lead to difficulty in peeling off the
membrane from the backing film [233]. In addition, for the
popular slot-die coating technique, inhomogeneities can be
observed [201]. Thus, more advanced coating strategies are
required to control the quality of the catalyst layer, such as
coating under stretched conditions [243].

5 Advanced Strategies to Integrate Key
Materials into MEAs

Although a tremendous number of advanced materials,
including catalysts, membranes, ionomers, GDLs, etc., have
been developed for MEAs in PEM fuel cells, it remains a

huge barrier to integrating these materials, especially newly
developed ones, into practical MEAs. The MEA needs to
be evaluated under different working conditions by using
simplified testing protocols (e.g., a three-electrode system
for catalyst testing) that are widely established in R&D set-
tings. Therefore, the performance of key materials in labora-
tories cannot be completely reproduced in MEAs. However,
the integration of materials into one MEA usually leads to
performance loss. For example, the existence of ionomers
in catalyst layers can cover the Pt sites and block reactions.
This problem is not reflected by the conventionally used
rotating disk electrode for ORR activity evaluation. In such
circumstances, efficient strategies should be determined to
integrate well-developed materials into MEAs. We believe
that the following aspects are particularly important to future
R&D.

5.1 Catalyst Ink Stability

Ink is usually overlooked when discussing about MEA inte-
gration. In fact, the properties of the catalyst ink greatly
determine the catalyst layer quality. In the real-world large-
scale MEA manufacturing process, catalyst inks need to be
stocked to satisfy uninterrupted production requirements,
and a certain storage time is needed. During storage, the cat-
alyst ink should ideally be uniform, yet always suffers from
agglomeration and even sedimentation because it is a hetero-
geneous material. Therefore, ink stability and the capability
of particles to remain dispersed in the dispersion medium are
vital for large-scale manufacturing. To improve the stability
of catalyst ink, efforts can be made to (1) advance catalyst
ink dispersion techniques, (2) optimize catalyst ink formula,
(3) develop novel dispersants and additives, and (4) suitably
define storage conditions of catalyst ink [189, 244, 245].
As discussed in Sect. 2.2, the SSC PFSA ionomer offers
better performance than long-branched resins, i.e., LSC
PFSA, especially under high-temperature and low-humid-
ity working conditions [246]. However, it has been found
that the catalyst ink prepared by using SSC ionomer shows
lower stability. During storage, SSC ionomers tend to adhere
to the catalyst surface so that the percentage of free iono-
mers decreases, thus destabilizing the catalyst ink [247]. In
this regard, the LSC ionomer can benefit the stability of the
catalyst ink. Even if the catalyst ink with the LSC ionomer
degrades, its properties can be quickly recovered to initial
states [247]. Therefore, efforts can be made to balance the
ink properties and ink stability by using different ionomers.

5.2 Catalyst Layer Engineering
We highlight the current status that the excellent perfor-

mance of key materials, particularly the catalyst, cannot
be completely reproduced when they are integrated into
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an MEA, especially when the Pt loading is low [248]. The
greatest challenge is active site blocking by ionomers. There-
fore, this issue is potentially addressed by not only preparing
well-defined catalyst ink (discussed above) but also con-
structing well-defined three-phase boundaries (discussed
below) to increase the catalyst utilization rate in the catalyst
layer [249].

The conventional ink coating process leads to a random
distribution of catalysts and ionomers. These ionomers may
block active sites and pores in the catalyst layer, which thus
presents insufficient channels for gas transport, electron con-
duction, and proton migration [250]. To address this issue,
the concept of an ordered catalyst layer was proposed, which
could provide independent channels [251].

Mathematical models have been established to simulate
oxygen transport, proton conduction, and ordered catalytic
layers. Du et al. reported a steady-state one-dimensional
numerical model based on a cylindrical electrode structure
to analyze the performance of the ordered cathode catalyst
layer. The simulation results revealed that the ordered cata-
lyst layers show better performance than conventional cata-
lyst layers due to the improvements in mass transport and
the uniformity of the electrochemical reaction rate across the
whole width of the catalyst layer [252]. In 2006, they further
proposed two steady-state one-dimensional models for the
cathode catalyst layer, where the polarization curves were
simulated, predicting a superior performance compared to

Fig. 24 Schematic diagrams of
the aligned CLs with (a and b)
electrolyte and (c and d) cata-
lysts as frameworks. Reprinted
with permission from Ref.
[102]. Copyright © 2022, The

Royal Society of Chemistry framework

Aligned electrolyte

the conventional catalyst layer model, even using lower Pt
loadings. The detailed analysis indicated that the improved
performance of the ordered catalyst layer can be primarily
attributed to the uniform distributions of oxygen concentra-
tion and overpotential [253]. In addition, a 3D mathematical
model of an ordered nanostructured cathode catalyst layer
was studied. In the absence of liquid water, oxygen diffusion
in the pore phase was not the limiting factor, due to its paral-
lel gas pores [254]. In practice, the ordered catalyst layer has
proven helpful in improving fuel cell performance. For the
first time, in 2002, an order-structured catalyst layer with
perpendicular channels was proposed for electron, proton,
gas, and water transportation [255]. By applying ordered Pt
nanotube arrays in a nanostructured ultrathin catalyst layer,
the MEA exhibited remarkable improvements in terms of
specific activity and mass transportation compared with
the state-of-the-art randomly distributed Pt/C catalyst layer
[256].

To date, the ordered catalyst layer has attracted tremen-
dous attention. The ordered catalyst layer can be achieved
through two designs: the aligned electrolyte framework and
the aligned catalyst framework (Fig. 24).

A successful example of the aligned electrolyte frame-
work concept is the pillar-structured membrane. For exam-
ple, ordered micropillar arrays are patterned on a membrane
surface by imprint/micromould lithography; therefore,
reactant transport losses are reduced and performance is

Catalyst spraying
~ (a)

Aligned catalyst
layer design

\

Constructing ionomer
array into CL
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gas molecules
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Fig. 25 Illustrative structure

for an aligned electrolyte
framework, a pillar-structured
membrane. Reprinted with
permission from Ref. [257].
Copyright © 2010, The Electro-
chemical Society. b Prism-pat-
terned array Nafion membrane.
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b Catalyst coated
Prism mold
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Imprinted Nafion
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Reprinted with permission from

Ref. [258]. Copyright © 2016, c
Elsevier B.V. ¢ Well-ordered
and cone-shaped Nafion array
membrane. Reprinted with
permission from Ref. [259].
Copyright © 2020, The Royal
Society of Chemistry
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enhanced [257] (Fig. 25a). Moreover, the ordered catalyst
layer benefits water management, including fast removal
of generated water and avoidance of flooding. For exam-
ple, imprinting prism-patterned arrays onto the Nafion
membrane was reported (Fig. 25b). Compared to the pillar
structure, this vertically asymmetric geometry of the prism
structure remarkably enhanced water transportation [258].
Very recently, a well-ordered and cone-shaped Nafion array
membrane was proposed and prepared using an anodic
aluminum oxide (AAO) template (Fig. 25c). The Pt nano-
catalyst was directly deposited on the Nafion array, which
effectively solved the problem of filling the catalyst into the
dense array [259].

The aligned catalyst framework concept has been inten-
sively studied [260]. Usually, aligned carbon nanotubes
or nanofibers, conducting metal dioxides (e.g., TiO, and
SnO,), and conductive polymers can be used as supports
for Pt nanoparticles and are employed as ordered catalyst
supports for PEMFCs to yield ordered catalytic layer struc-
tures [261-263] such as the nanostructured thin film (NSTF)
electrode developed by 3M Company. The NSTF electrode
is an ultrathin electrode covered with a continuous thin Pt
or Pt alloy catalyst [264], where the support is a crystalline
organic pigment material (namely, nanowhiskers) [265].
In addition, the electronic conductive polymer polypyr-
role (PPy) nanowire can also be employed as the ordered
catalyst support [266]. The fabricated single cell with an
ordered catalyst layer that uses less ionomer typically pre-
sents much better mass transport in the high current density
range, which is even superior to the commercial Pt/C-based
electrode under certain operating conditions.

Notably, the ordered catalyst layer may be difficult to
scale up. Beyond the ordered catalyst layer, which can
build independent transfer channels for electrons, protons,
oxygen, and water, the multilayer catalyst layer structure

(including the gradient catalyst layer) is another choice.
This material should be easier to fabricate by using current
MEA manufacturing lines.

The catalyst layer (CL) contacts the PEM on one side
and the GDL on the other side, forming a PEM/CL/GDL
structure (Fig. 1b, ¢). This configuration demands differ-
ent features for different parts of the catalyst layer. At the
PEM/CL interface where mass current is generated, suf-
ficient ionic conductivity is needed, whereas abundant
porosity is needed at the CL/GDL interface to allow for
fast gas transport. A changing composition perpendicular
to the CL interfaces cannot be achieved in the conventional
catalyst layers consisting of homogeneously distributed
catalyst and ionomer. For example, the Nafion content in
the PEM/CL interface is optimal for proton transportation
yet is too high in the CL/GDL interface and leads to flood-
ing and increased gas diffusion resistance [220]. Addition-
ally, the multilayer catalyst layer can provide more three-
phase boundaries. For example, the design of the Pt layer/
Nafion—carbon (without Pt) layer was alternatively sug-
gested to attain a more continuous three-dimensional reac-
tion zone [267]. In practice, applying a multilayer design
in the catalyst layer can also precisely control the internal
architecture in the catalyst layer in three dimensions [268].

To build a multilayer/gradient catalyst layer, chang-
ing the ionomer content [269], Pt loading [249], and both
[270] has been investigated. In addition, changing the cata-
lyst support was also reported. As shown in Fig. 26a—c,
different catalyst supports, including a high microporosity
carbon (Ketjen Black EC-300J) and a low porosity carbon
(XC-72 Vulcan carbon), were applied to build a dual-layer
catalyst layer. The dual-layer design remarkably improved
the fuel cell performance compared to the one using mixed
catalysts. Surprisingly, the position of Pt/VC or Pt/KB had
no major impact on cell performance [220].
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Fig. 26 Illustrations of the three a

different cathode catalyst layers
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from Ref. [220]. Copyright ©
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6 Summary and Outlook

This review presents advances in key materials (Sect. 2),
including catalysts, membranes, ionomers, and GDLs and
state-of-the-art MEA manufacturing processing (Sect. 3).
Overall, the development from materials to MEA is inspir-
ing and has efficiently advanced the R&D of PEM fuel
cells. However, limitations in materials and MEA manu-
facturing still exist (Sect. 4) and deserve more effort to
resolve. Despite these material constraints, we focus on
the gaps precluding materials from integration into MEAs.
Therefore, we provide a discussion on strategies to enable
emerging material integration (Sect. 5).

In addition to the above discussion, the following
aspects may be instructive for future PEM fuel cell R&D.

Development of new materials. In this review paper,
we primarily focus on “mature materials” that have been
used in industrial production. It is noteworthy that the
development of fuel cell techniques historically relied on
the development of new materials. Therefore, intelligent
design and synthesis of new materials, including catalysts,
membranes, ionomers, GDLs, etc., should be a focus of
future PEM fuel cell studies. We emphasize that newly
developed materials with good performance in replicat-
ing practical conditions (e.g., the catalyst research using
RDE equipment) are not always suitable for use in MEA.
The evaluation of new materials must also be performed
in real-world MEA.

Deep understanding of key materials. PEM fuel cells
incorporate many key materials. In particular, catalysts,
membranes/ionomers, and GDLs with better performance,
higher stability, and lower cost are highly desired. For the
development of these materials, fundamental understand-
ing, in terms of the characteristic—performance relationship,
characteristics changing over time, and performance under
different operating conditions, is needed. However, deep
understanding in these fields is still to be developed. In par-
ticular, efficient research methods/tools are still lacking for
working MEAs. This highly requires in situ/operando char-
acterization tools, especially those that can be used for test-
ing MEAs under real-world operating conditions. Accord-
ingly, theoretical calculation approaches would be helpful
supplementary to assist fundamental research.

@ Springer

Materials integration into the MEAs. Integrating key
materials into an MEA is important in the PEM fuel cell
field. Toward this goal, a significant problem is that good
performance of materials by replication testing of real-
world MEAs cannot easily be achieved. Building a well-
defined, highly ordered catalyst layer thus attracts great
interest. In general, first-generation MEA fabrication is
based on CCS, while second-generation MEA fabrication
(the state-of-the-art method) is based on CCM. Given the
latest advances in building highly ordered catalyst lay-
ers, we believe that next-generation MEA production lines
could be based on oriented catalyst layer engineering. In
this regard, R&D of the corresponding prototype processes
might be needed.

Automatic manufacturing. The development of PEM
fuel cells is based on the underlying materials. Automatic
manufacturing processes will become extremely important
when PEM fuel cells are widely deployed. Current produc-
tion lines for materials and MEAs are not fully automatic.
To save labor and improve production efficiency and prod-
uct yield, automatic manufacturing is essential.

Scale-up application of PEM fuel cells. At present,
many PEM fuel cell applications are operating globally.
However, the volume remains tiny compared to combus-
tion engine and battery manufacturing. This reality limits
the diversity of ancillary facilities and discourages enthu-
siasm to apply fuel cell devices. Government-leading
large-scale PEM fuel cell efforts are necessary. Scaling
up the application of PEM fuel cells can build a new
industrial chain around “hydrogen energy”. Furthermore,
the resulting mass of data describing operating cells can
be collected and fed back to the manufacturing channels,
which will help in developing better cells. For such R&D
efforts, analyzing big data by using artificial intelligence
is a future direction.
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