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Proton exchange membrane fuel cell (PEMFC) has attracted great attention as an energy conversion tech-
nology, especially in the fields of new energy vehicles. The core component of PEMFC is membrane elec-
trode assembly (MEA), which is consist of proton exchange membrane (PEM), gas diffusion layer (GDL)
and catalyst layer (CL). Notably, the catalyst layer serves as the center for electrochemical reactions that
generate electricity. Besides the state-of-the-art materials, the catalyst ink properties and CL structure
also have a great effect on performance, durability, and cost of PEMFC. However, it is not very clear how
the interactions between different components of catalyst ink, the CL formation procedure as well as
inhomogeneous CL structure affect the overall performance. This review, therefore, mainly focuses on re-
cent advancements in catalyst ink dispersion methods, complex interactions between the ink materials
and new processes to improve the stability of catalyst ink. In addition, this review will highlight advanced
CL structure designs, their impact on the fuel cell performance, and introducing advanced techniques for
a deeper analysis of the CL structure. Finally, this review emphasizes the challenges and perspectives in
catalyst ink and CL studies, which are crucial for the regulation and development of high-performing

PEMFCs.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

PEMFC technology is a promising clean energy solution that can
convert chemical energy with zero carbon emissions into electrical
energy [1-3]. The application of PEMFC in vehicles has reached a
new stage since many countries have issued a number of PEMFC
vehicles development policy, such as FCV and HDV fuel cell tech-
nology development roadmap released by NEDO in Japan and
PEMFC Multi-Year Program Plan announced by U.S. Department
of Energy in 2024. Moreover, many automobile enterprises have
launched fuel cell vehicles, such as Toyota’s Mirai and Hyundai’s
Nexo [4,5]. Typically, China has already started demonstration op-
erations of fuel cell vehicles since 2020, and the number of such
vehicles has exceeded 20,000. It is an obvious signal that the fuel
cell industry has entered a period of rapid development. The core
of PEMFC is the membrane electrode assembly (MEA), which con-
sists of a proton exchange membrane (PEM), gas diffusion layer
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(GDL), catalyst layer (CL), and seal borders. The typical structure
of MEA is shown in Fig. 1. Of these components, the CLs are the
main functional areas where chemical reactions occur.

To meet the demands for high performance in PEMFCs, the CL
should be equipped with a large electrochemical reaction area,
high electrochemical reactivity, fast electron transport, rapid pro-
ton conductivity, and low oxygen transport resistance [6-8]. The
CL is composed of ionomers and catalysts, in which the ionomers
cover the inner or outer surfaces of catalyst particle aggregates,
acting as binders and proton conduction channels [9-12]. Besides
high proton conductivity, the ionomers should also have high
oxygen permeability. Moreover, the ionomer coverage, thickness,
and the three-dimensional network are the main factors affecting
PEMFC performance. Furthermore, the CL structure is always de-
termined by the properties of the catalyst ink and the method of
CL formation [13-15]. Catalyst inks are complex fluids that mainly
consist of three main components: The solvent, ionomer, and cata-
lyst particles. Based on this, the development of new types of ma-
terials is central to regulating the properties of the CL ink. More-
over, the ratio of ionomer to carbon support (I/C ratio) is another
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Fig. 1. Typical membrane electrode assembly (MEA) structure schematic and cata-
lyst layer exploded view.

important factor that should be carefully designed to regulate the
properties of the CL ink. Moreover, the interactions between the
solvent and the ionomer can also affect the morphology of the
ionomer as well as the ionomer network [16-19]. Thus, solvent pa-
rameters, such as the dielectric constant and solubility parameters,
should be considered. What is more, the interactions between the
solvent and catalyst particles can affect the distribution, size, and
structure of particle cluster agglomerates, as well as the stability
of the ink [20,21]. Currently, the influence mechanism of the com-
ponents has been deeply investigated. Furthermore, the dispersion
method of catalyst ink can affect its properties, such as viscosity
and interactions between ionomers and particles [22-24]. It is nec-
essary to establish a relationship between the dispersion process
and the characteristics of the catalyst ink to guide the standard-
ized preparation of the ink. What is more, the design of the cata-
lyst layer structure has been a hot topic in both scientific research
and industrial applications [25,26]. In recent years, many efforts
have been made to design a high-performance CL with low plat-
inum (Pt) loading and low mass transfer resistance [27-29]. This
has been achieved by regulating the ionomer distribution, imple-
menting a multistage pore structure, and controlling the thickness
of the CL [30]. With the development of advanced instruments and
equipment, various devices for manufacturing CL have emerged
[31-33]. Based on the solid content and viscosity, the ultrasonic
spraying method is often used for CL synthesis in laboratories,
while slot die coating is considered the most common method for
industrial production [3,34,35]. During the CL formation process,
the drying step is an important procedure that can determine the
pore structure and surface morphology of the CL [36,37]. Recently,
the evaporation mechanism of mixed solvents in the CL forma-
tion process has been deeply studied. With further study of the
catalytic layer formation process, it is expected that catalytic lay-
ers with higher activity and quality will be produced. Advanced
characterization techniques are very important for studying the CL
structure [38-40]. As it has been well established, X-ray diffrac-
tion (XRD), scanning electron microscope (SEM), and X-ray pho-
toelectron spectroscopy (XPS) are common devices used to evalu-
ate the CL structure and chemical composition [25,41,42]. However,
it is difficult to obtain more precise structural information from
these devices, such as the location of platinum (Pt) on the carbon
substrate and the distribution of ionomers, among other details.
Up to now, many other advanced characterization techniques have
been applied to CL, such as X-ray computed tomography (nano-CT)
[41,43] and electron tomography acquisition techniques [44,45].
Nano-CT can provide high-resolution, three-dimensional images of
the internal structure of the catalyst layer, which is beneficial to
understanding the transport and reaction mechanisms within the
CL, thus improving the performance and lifespan of fuel cells [46].
Electron tomography acquisition can obtain multi-scale CL struc-
ture information, from catalyst location to ionomer morphology,
with the aid of deep learning [47,48]. In this review, we will sum-
marize recent progress in catalyst ink-based CL, CL design, CL man-
ufacturing, and CL structural characterization to provide inspiration
for future work.
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Fig. 2. Illustrations of catalyst ink dispersion and CLs formation.

2. Design of catalyst inks
2.1. Ink component

As the main steps for fabricating a catalyst layer are shown in
Fig. 2, catalyst inks are usually composed of catalysts, ionomers,
and solvents, in which the properties of catalyst inks highly impact
the structure and performance of obtained CLs (Fig. 3a) [49,50].
The active materials of catalyst ink and the catalyst ink disper-
sion process can determine the component distribution, aggregate
size, ionomer coverage, thickness, pore structure, and performance
of CLs [22,24,51]. Typically, the catalyst is the main active compo-
nent, where the oxygen reduction reaction and hydrogen oxidation
reaction occur on the cathode catalyst and anode catalyst, respec-
tively [9,52]. Usually, the catalyst consists of active noble metals lo-
cated on a support [53-55]. The cost and performance of catalysts
are the main factors determining the practical applications. Among
them, the durability of the catalyst directly determines the upper
limit of the fuel cell’s service life. Up to now, Pt/C catalysts with
high metal loading (>40 wt%) have been widely used as both the
cathode and anode catalyst in PEMFCs, due to their excellent activ-
ity, stability, and ease of scale-up. Besides, the design of PtCo con-
tributes to higher activity and lower Pt usage. However, its dura-
bility may still not meet the requirements for commercial appli-
cations [56,57]. Focusing on commercial fuel cell vehicles (FCVs)
from companies such as Toyota, it used Pt/C for the 15 genera-
tion Mirai FCV introduced in 2015 [58], in which Pt nanoparticles
are located on solid carbon to enhance the utilization ratio of Pt.
However, much Pt exposure on the surface of the carbon support
may lead to catalyst poisoning caused by the ionomer covering the
surface of Pt [59]. With the development of materials technology,
PtCo/C has been proven to be the most promising catalyst because
of its high activity and stability. The 2"d generation Mirai FCV used
a mesoporous carbon-supported PtCo alloy catalyst, where 80% of
the metal in a CL is located in the pores of the mesoporous car-
bon, benefiting from inhibiting sulfonic acid poisoning by block-
ing the direct contact between the ionomer and Pt nanoparticles
[60]. Besides, the design of PtCo contributes to higher activity and
lower Pt usage. Inspired by vehicle applications, many scientists
have paid attention to the development and optimization of alloy
catalysts as well as new structures of carbon support [61-63]. A
larger amount of non-noble metals (Fe, Ni, Co, Cu, etc.) has been
studied to alloy with Pt, resulting in higher activity, lower Pt load-
ing, and partially restricting the migration and agglomeration of Pt,
as compared with Pt/C [64-68]. And since the geometric morphol-
ogy is sensitive to catalyst performance, great efforts have been
made to design new shapes and structures, aiming to increase the
exposure of active sites and the usage of noble metals, such as
core-shells [69,70], nanotubes [71,72], nanocages [73,74], and in-
termetallic compounds (Fig. 3b) [30]. It has been well known that
support materials also play a significant role in catalyst perfor-
mance by providing strong interactions between active sites and
support, fast electron transfer ability, and high specific surface area
for uniform Pt dispersion. The most commonly used commercial
catalyst supports include Vulcan, Black Pearls, Ketjen Black [75-
77]. The benefits of XC-72R include a larger amount of defect sites
for anchoring metal active sites and a large specific surface area
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Fig. 3. (a) Typically catalyst ink structure, which composes of catalyst, ionomer and solvent medium. Copied with permission [50]. Copyright 2019, American Chemical
Society. (b) Commonly used catalysts for PEMFC. Copied with permission [30]. Copyright 2021, Springer Nature. Molecular structures of ionomers: (c) Nafion ionomer,
(d) Perfluoro(2-methylene-4-methyl-1,3-dioxolane) based highly oxygen permeable ionomer. Copied with permission [90]. Copyright 2020, American Chemical Society. (e)
Perfluoro-(2,2-dimethyl-1,3-dioxole) based highly oxygen permeable ionomer. Copied with permission [11]. Copyright 2021, Springer Nature. (f, g) The contact mode of
catalysts and agglomerates on different carbon carrier structures. (h, i) The impact of different agglomerates on oxygen permeation.

to disperse Pt. As for Ketjen Black, it has a large amount of mi-
cropores, making a significant portion of Pt located at the inter-
face of the carbon support. As a result, high catalyst activities and
excellent anti-poisoning properties are achieved for Ketjen Black-
supported catalysts. The biggest challenge of leading to the detach-
ment of Pt from the carbon support [78,79]. A lot of new carbon
materials have been proposed in recent years to modify the prop-
erties of catalyst support, including mesoporous carbon, carbon
nanotubes, defect amorphous carbon, and high graphitized carbon.
The structue of carbon can affect the contact mode of catalyst par-
ticles with ionomer (Figs. 3f and g).

Although plenty of novel catalysts and carbon supports have
been explored, achieving excellent activity and stability in RDE or
MEA systems, few catalysts can meet the needs of automotive fuel
cells [30,80,81]. There is still a wide gap to be bridged between
scientific research and engineering applications.lonomers are also
a key component in catalyst ink, which act as not only a binder
but also a proton transport pathway between catalysts [10,82,83].
Besides, ionomers should meet the requirements of high oxygen
permeability, high water transportation ability, and high chemical
stability against the attack of free radicals. The high oxygen per-
meability allows oxygen molecules to diffuse to the catalyst ac-
tive sites and react with protons as well as electrons [11,84,85].
High oxygen transport resistance usually causes unfavorable volt-
age decay. Typically, the ionomer material is similar to the PEM
to enhance interface compatibility. Up to now, perfluorinated sul-
fonic acid (PFSA) has been the most used ionomer, which is com-
posed of a polytetrafluoroethylene (PTFE) main chain and sulfonic
acid side chains. The hydrophobic backbone provides mechanical
support, while the hydrophilic sulfonic acid side chains are re-
sponsible for proton transport [86,87]. Several studies have re-
ported outstanding improvements in PEMFC performance by de-
signing new structures of ionomers with high oxygen permeabil-
ity [88,89]. Toyota’s 2" generation Mirai FCV used an innovative,
highly oxygen-permeable ionomer structure with oxygen diffusion
performance three times higher than traditional materials, con-
tributing to the enhancement of performance [60]. However, the
detailed structure of this kind of ionomer is not publicly avail-
able. And 3M Advanced Materials Division Lab and its partners
initiated a research project aimed at significantly improving the
durability of hydrogen fuel cells by enhancing the chemical stabil-
ity of ionomers. Besides, many highly oxygen-permeable ionomers

have been reported in recent years (Figs. 3c-e) [90]. For example,
a new ionomer with a glassy backbone was proposed, introduc-
ing a perfluoro(2-methylene-4-methyl-1,3-dioxolane) into the back-
bone, which can effectively restrict ionomer swelling, thus improv-
ing oxygen permeability while maintaining acceptable proton con-
ductivity (Figs. 3h and i). Inspired by this design concept, another
type of highly oxygen-permeable ionomer based on perfluoro-
(2,2-dimethyl-1,3-dioxole) was reported [11]. And a high oxygen
permeation mechanism was proposed by combining analyses of
experiments and MD simulations. At present, the widely com-
mercially applied ionomers mainly come from Chemours, Asahi
Glass, and Solvay. The resin content of these ionomers is typ-
ically around 20%-30%. The water content and VOC content
are determined based on their own design. The EW value is
<1100, and some can even reach 700. It can also be clearly seen
that low EW values and high oxygen permeability are the fu-
ture development directions for ionomers, even though it is quite
challenging.

Solvent is crucially important for catalyst ink as a medium for
catalyst and ionomer [91,92]. Various kinds of low boiling point
solvents have been adopted, such as dimethylformamide, ethylene
glycol, N-methylpyrrolidone, ethanol, acetone, and isopropanol, in
which mixtures of water and alcoholic solvents are commonly used
[18,93]. The properties of solvents determine the rheological be-
havior of catalyst ink, such as viscosity, dispersion characteristics,
volatility, and stability [17,94]. Typically, the polarity of solvents,
usually represented by the dielectric constant, is the most impor-
tant factor, which may affect the form of existence of the ionomer
and catalyst aggregates in catalyst ink [19,20,95]. The higher the
dielectric constant, the greater the polarity of the solvent, and the
longer the distance between opposite charges [96,97]. Whether the
ionomer is present in solution, colloid, or precipitate in the cata-
lyst slurry heavily depends on the polarity of the solvent [98,99].
The solvent’s properties may determine the microstructure and
colloidal size of the ionomer, thus affecting the dispersion of the
ionomer on the catalyst surface, the ionomer/catalyst interface, the
coverage fraction and thickness of the ionomer, as well as the
porosity of the catalyst layer [19,21,100]. The choice of catalyst ink
solvent is very important for designing a highly effective catalyst
layer and usually needs to consider the properties of other compo-
nents in the catalyst ink and the preparation process parameters of
the catalytic layer [96,101].
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Fig. 4. (a) lllustrations of carbon and ionomer interaction with various dielectric constants. Copied with permission [106]. Copyright 2019, Elsevier. (b) Pt/C-Nafion agglom-
erate structure with different Nafion mobility. Copied with permission [99]. Copyright 2017, Elsevier. (c) Pt/C agglomerates evolution with the ionomer adsorption ratio, the
initial size of aggregates around ~200nm. Copied with permission [128]. Copyright 2024, Elsevier. (d) Schematic diagram of interactions between catalyst particles. Copied

with permission [41]. Copyright 2018, IOP Publishing, Ltd.

2.2. Interactions between components

The interaction among ionomers, solvents, and catalysts in cat-
alyst ink governs the structure of aggregates and interfaces, as well
as the properties of the catalyst layer, which is very important to
the design of high-performance MEAs [91,102]. Up to now, it is still
a big challenge to elucidate such a complex system. It is necessary
to study the interactions between ink constituents, and we have
summarized some important works in this field reported in recent
years.

The interactions between ionomers and solvents have a notable
impact on the existing form, structure, and size of ionomers in
different solvents, thus affecting the catalyst/ionomer interface of
the CL [18,94,103]. The dielectric constant (¢) and solubility pa-
rameters (§) of solvents are mainly responsible for the conforma-
tions of ionomers in solvents or mixed solvents (Fig. 4a) [8,101].
It has been well established that: (1) In solvents with ¢ > 10, the
ionomer stays in solution form; (2) in solvents with ¢ between 3
and 10, the hydrophilic side chain of the ionomer becomes insolu-
ble, making the ionomer exist as a colloid; (3) in solvents with &
< 3, ionomer micelles tend to solidify into a precipitate [19,102].
Solubility parameters §, usually representing the compatibility be-
tween ionomers and solvents, are another important factor affect-
ing the conformations of ionomers in solvents, especially in di-
lute media [104,105]. The § should be within a suitable range to
dissolve the ionomer polymer. Findings have claimed that inter-
polymer hydrophobic backbones and hydrophilic side chains in
Nafion-type ionomers have different compatibilities with solvents
[19,25,101,106]. The primary aggregated ionomer particles in the
solutions are attributed to the inter-backbone interactions or the
inter-ionic interactions of different polymer side chains (such as
-S03-"[H30%]+--S03-). And the aggregated particles mainly come
from inter-polymer hydrophobic parts aggregation, resulting from
the negative charge repulsion of the functional group on different
side chains, highly relying on the compatibility of the backbones
and solvents [18]. The size of the aggregated particles is related to
the compatibility between ionomers and the solvents [105,107].

With the help of small angle neutron scattering (SANS) and
small angle X-ray scattering (SAXS), it has been established that
PFSA-type ionomers in dilute solution usually form rod-like aggre-
gation particles through two aggregation processes [108-111]. The
primary aggregation step may lead to smaller particles caused by

the interactions of the hydrophobic backbone, while the secondary
aggregation steps may form larger particles, resulting from the
electrostatic interactions of the hydrophilic side chains [91,112,113].
The size of ionomer micelle particles is related to the polymer-
solvent interfacial energy, especially in polar solvents including al-
cohols, amides, and water. Furthermore, the stability of catalyst
ink is highly related to the ionomer/solvent interactions, as the
ionomer can function as a strong stabilizing agent [113,114]. The
addition of ionomer contributes to improving ink stability and re-
ducing particle size [105,115,116]. Moreover, the higher the dielec-
tric constant of the solvent, the stronger the effect of the ionomer
in stabilizing the ink, even at very small amounts of ionomer used
[117]. What is more, the mobility of ionomers also has a signifi-
cant effect on the structure and properties of the catalyst layer (Fig.
4b) [99]. As confirmed by fluorine-19 nuclear magnetic resonance
technology, the mobility of the main chains of ionomers varies in
different solvents. Consequently, higher mobility of ionomers leads
to a larger triple-phase boundary and electrochemically active sur-
face area, achieving lower charge-transfer resistance for PEMFCs
[105,118,119].

The interactions between ionomer and catalyst particles in cat-
alyst inks, including ionomer/platinum and ionomer/carbon sup-
port, should also be considered, since they may affect the interface
structure and the size of agglomerates in the CL (Fig. 4c) [120]. The
distribution, thickness, and coverage of ionomer in the CL are re-
sponsible for the contact between catalyst particles, mass transfer,
and catalyst utilization [107,121]. Typically, a thin ionomer mem-
brane on the catalyst contributes to high proton conductivity and
low oxygen transfer resistance [122,123]. An uneven distribution of
ionomers on the catalyst may cause some catalyst particles to lack
contact, and some catalyst surfaces to have overly thick ionomers.
The interactions between ionomers and particles in catalyst ink are
usually determined by adsorption forces and electrostatic interac-
tions between ionomers and catalysts. It is well established that
~S03- groups on PFSA side chains have strong interactions with
platinum catalysts. However, it is difficult to distinguish whether
the ionomer is on platinum or on a carbon carrier within a cat-
alyst layer. At the same time, it is an issue that excessive SOs-
adsorbed on the Pt surface may poison the catalyst. The adsorp-
tion of ionomer on the carbon support is usually controlled by the
surface chemical composition, the state of charge, and the func-
tional groups on the carbon support [113,124]. Kim’s group proved
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that the interaction between ionomer and catalyst is highly af-
fected by the type of ionomers using MD and DFT simulations as
well as single full tests. These different interactions lead to various
ionomer aggregations and pore structures in the CL, thus affecting
the kinetics and mass transport of PEMFCs [7]. Li and co-workers
found that the catalyst particle size is related to the interactions
between Nafion ionomer and catalysts. Catalyst clusters with small
sizes in the catalyst ink absorb more Nafion, creating larger elec-
trostatic forces between clusters, thus forming a cross-linked net-
work structure, which is beneficial for inhibiting agglomeration
and improving ink stability [51]. Tokumasu studied the relation-
ship between the equivalent weight (EW) of ionomer and ionomer
adsorption with the assistance of MD simulations. They found that
a low EW ionomer and a water-rich alcohol solvent contribute to
higher ionomer coverage on the graphite surface. Moreover, a high
electrostatic repulsive interaction between the ~SOs- group on the
ionomer side chain and the negatively charged functional groups
on the support can decrease ionomer absorption [125]. Meanwhile,
studies have claimed that size cluster aggregation relies on the
ionomer adsorption by Pt/C catalysts in high-solidity catalyst inks,
where steric and electrostatic repulsion effects may limit the Pt/C
cluster aggregation process [10].

What is more, the solvent/catalyst particle interactions have a
great effect on the distribution, size, and structure of particle clus-
ter agglomerates in catalyst ink [126,127]. The most important fac-
tors include the dielectric constant, viscosity, and boiling point
of the solvent. The particle aggregation process and solvent ef-
fects in aqueous and non-aqueous solvents were investigated by
the Secanell group. The results indicated that a solvent with a
high dielectric constant and low ionic concentration contributes to
forming large catalyst particle agglomerates and more stable cata-
lyst ink [95]. Jinnouchi reported that in solvents with high polar-
ity, Pt/C particles absorb a large number of amphiphilic ionomers,
causing the formation of small particle aggregate particles with a
size around 200 nm. As the solvent polarity decreases, a number
of ionomers desorb from the catalyst particles, resulting in weaker
interactions between aggregates and solvent and forming larger ag-
glomerates [120,128].

2.3. Ink dispersion method and stability

Although there are only three main components in a catalyst
ink, the order of solvent, catalyst, and ionomer mixing has a sig-
nificant influence on the agglomerates and stability of the inks by
affecting the interaction sequence of different components [117].
However, only a few studies have focused on this key process.
There are three main types of component mixing orders. One se-
quence involves directly mixing the ionomer dispersion with the
solvent (such as water/IPA) before adding the catalyst [129,130].
The interaction between the ionomer and solvent can uniformly
disperse the ionomer in the solvent, leading to a relatively uniform
ionomer coverage on the catalyst. Another sequence is mixing the
ionomer and catalyst particles, followed by adding the solvent. A
drawback of this sequence is that the carbon support is suscepti-
ble to degradation by combustion reactions, leading to a decrease
in catalyst activity. To address this issue, it is suggested to add a
few drops of water to the catalyst before the mixing procedure.
The third sequence involves pre-mixing the solvent and catalyst,
then adding the ionomer dispersion solution. It has been found
that smaller agglomerates and a more viscous ink are achieved us-
ing the third mixing order. Therefore, it is crucial to pay attention
to the order of component mixing.

The dispersion method is another important process in prepar-
ing a designed catalyst ink [130,131]. Catalyst particles and
ionomers would exist as large agglomerates in the solvent sep-
arately, with very weak interactions, before dispersion treatment.
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Therefore, a further mixing step is essential for enhancing the in-
teractions between particles and ionomers, which is crucial for
improving the performance of the catalyst layer. Up to now, ul-
trasonication, ball milling, high-speed shearing, and homogeniza-
tion are common dispersion methods (Fig. 5a) [24,129,132,133].
Typically, ultrasonication and ball milling are widely used in lab
and industrial manufacturing, suitable for low viscosity (or low
solid concentration) and high viscosity (or high solid concentra-
tion), respectively. The key parameters for ultrasonic dispersion in-
clude the power of the ultrasound, the duration of treatment, and
the temperature. Wang studied the effects of ultrasonic dispers-
ing parameters on the ink microstructure and found that an ap-
propriate dispersion process and time could form a homogeneous
catalyst ink by breaking up large agglomerates into smaller ones
(Fig. 5b) [24,50]. However, if the dispersion process is insufficient,
larger agglomerates could remain in the catalyst ink, with fewer
ionomers permeating into the inner particles within the large ag-
glomerates and a thick ionomer layer outside the large catalyst
agglomerates, leading to high proton transport resistance and re-
duced Pt utilization [2,134,135]. Furthermore, the limited access of
inner Pt particles to ionomers may result in high mass transfer re-
sistance and poor performance. For mass production of PEMFC, di-
rect coating methods combined with heat transfer processes are
usually employed, necessitating a high solids content and viscous
ink [36,136]. Therefore, the ball milling method, using metal balls,
ceramics, or other grinding media mixed with catalyst inks, is of-
ten adopted for this type of ink due to its effectiveness at dispers-
ing concentrated catalyst inks. There are many adjustable parame-
ters for ball milling dispersion, including the size of the ball milling
beads, the ratio of bead volume to ink volume, the duration of ball
milling, the temperature of ball milling, and the processing volume
of the ink. Ink properties, including viscosity, particle size, Zeta po-
tential, and rheology, are usually studied to control the quality and
reproducibility of catalyst inks. The final viscosity of the catalyst
ink is not only affected by the size and properties of the catalyst
particles and the properties of the solvent, but also related to the
solid content and the dispersion method. Usually, the higher the
solid content, the greater the viscosity; the longer the dispersion
time and the higher the amount of dispersion energy applied, the
greater the viscosity will be as well. Typically, the relative magni-
tude of storage (G’) and loss (G”) modulu is generally used to de-
scribe the rheological properties [137,138]. The inks exhibit a gel-
like behavior when G’ > G”, while the inks tend to behave as a
solution when G’ < G”. Moreover, the particle size is nearly di-
rectly proportional to ball milling time (Fig. 5c¢) [139]. However,
more complex cracks could form due to differences in particle size
distribution in the CL inks with excessive ball milling [140]. The
stability of catalyst ink refers to the consistency of the catalyst
ink over time [97,141,142]. The evolution of catalyst ink can be
divided into three stages: Stable, flocculation, and sedimentation
(Fig. 5d) [8]. A highly stable ink should maintain its initial, well-
dispersed state as long as possible. With the extension of time, the
inks will inevitably undergo flocculation and sedimentation due to
the decreasing repulsive forces between growing particles. Many
factors can affect stability, such as the properties of the solvent,
the types and contents of ionomers, as well as the structure of
the carbon support, and so on [143]. Importantly, the interactions
between multi-component systems mainly determine the ink sta-
bility. Thus, ink stability can be improved by regulating the micro-
and nanoscale interactions among particles, ionomers, and solvents
in the inks [144].

In terms of the electrostatic repulsive force between parti-
cles in simple ink systems, the Derjaguin-Landau-Verwey-Overbeek
(DLVO) theory is often used to describe stability, which can take
into account van der Waals forces and electrostatic repulsive forces
(Figs. 4d and e) [145,146]. In addition, steric hindrance and hy-
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drophobic interactions from the particle-ionomer network have
been regarded as other common stabilization mechanisms [8,147].
Besides, ink degradation resulting from environmental and other
influencing factors should also be considered to regulate ink sta-
bility. For example, after long periods of standing, the degrada-
tion of alcohols induced by Pt has been found and tested, which
can destroy the ink structure and lead to an uneven catalyst layer.
Above all, attention should be paid to ink stabilization to enhance
the quality and applicability of catalyst ink.

3. Design of catalyst layer
3.1. Structure and impacts

The catalyst layer is the main active area where electrochemical
reactions occur, and it is typically composed of carbon-supported
precious metal catalysts, ionomers, and multi-scale void regions
[127,148,149]. Much attention has been paid to the structure of
the CL, as it largely determines the performance of PEMFCs. The
ionomer distribution, multi-stage pore structure, and thickness of
the CL, as well as cracks are the main structural factors for evaluat-
ing a CL, which may be affected by material specifications, catalyst
ink ingredients, catalyst ink properties, CL fabrication techniques,
and the drying process [150-154]. As shown in Fig. 6a, the cat-
alyst layer is tightly attached to the proton exchange membrane
(PEM) and the gas diffusion layer (GDL), in which the interface
morphology of CL-GDL and CL-PEM directly affects the electron
conduction impedance and proton conductive resistance, respec-
tively [30,128,155]. The ionomer covers the surface of the catalyst
particle aggregate, serving as a binder, proton conduction pathway,
and oxygen transmission channel by forming a strongly connected
network. Furthermore, the oxygen mass transfer resistance across
the ionomer consists of three parts in series: The resistance at the
gas/ionomer interface (R_I/gas), the resistance at the ionomer/Pt
interface (R_I/Pt), and the resistance of the bulk ionomer (R_I).
Thus, reducing the ionomer thickness and content can effectively

reduce the total oxygen transport resistance (Fig. 6b) [156]. How-
ever, much lower ionomer content may cause insufficient integrity
between different catalyst particles, thus reducing the connectivity
of the proton transport network.

The pore size and distribution is another important structural
factor that should be designed, as the void regions are responsible
for oxygen transport and the removal of water [6,55,151,157,158].
Typically, there are micropores (<2 nm), mesopores (2-20 nm), and
macropores (>20nm) in a catalyst layer [159,160]. Micropores in
the carbon substrate should be avoided since the lack of connec-
tion between the ionomer and Pt particles within the micropores
can hinder effective transport [54,161]. An appreciable amount of
macropores is recommended, as too few macropores are disad-
vantageous for water management, while an excess of macropores
may restrict proton transport along the ionomer network. A large
amount of mesopores within the carbon substrate is suggested. Re-
cent research has indicated that oxygen can easily diffuse to the
surface of Pt within the mesopores of the carbon substrate, and
mesopores can limit the direct adsorption of ionomer on Pt. At
the same time, the pore depth and tortuosity should not be too
large, otherwise, it will increase the oxygen penetration resistance,
thereby lowering the noble Pt utilization. Additionally, too many
mesopores may cause the degradation of the carbon substrate. Si-
multaneously, it is best for the ionomer and catalyst to be in close
proximity without direct contact, to minimize the poisoning of the
catalyst by the ionomer (Fig. 7a). And reducing the amount of Pt
(platinum) will lower the cost, but it will also increase the resis-
tance to oxygen transport and decrease the overall performance
(Fig. 7b). Therefore, the design of the pore structure and Pt loading
is crucial for regulating the performance of PEMFCs and improving
the Pt utilization.

The thickness of the CL is also important, as thicker layers can
lead to higher costs of catalyst materials, while thinner layers tend
to conserve the Pt catalyst [9,162,163]. What is more, the inter-
actions between CL thickness and porosity, which can affect oxy-
gen transport limitations, have also been reported. Firstly, a limit-
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ing thickness of the CL has been found to be 7.5pm for the cath-
ode to meet the requirement of a crack-free and uniform mor-
phological surface (Figs. 6¢-1) [151]. Secondly, porosity increases
with decreasing CL thickness, and this increased porosity can re-
sult in a decrease in oxygen transport resistance for thinner CLs
(Fig. 7¢), without causing a reduction in charge transfer resistance
for the oxygen reduction reaction [164,165]. Therefore, the balance
between the solid phase network and void regions should be con-
sidered when designing a CL structure.

Cracks are another important factor to evaluate the quality of a
MEA. During the preparation process of the catalyst layer, the non-
uniform interactions between Pt/C particles, ionomers, and sol-
vents in the catalyst ink can lead to the formation of agglomerates
and bubbles. These defects are prone to stress concentration, which
can trigger the formation of cracks [25]. Besides, during the drying
process, the evaporation of the solvent leads to an increase in the
capillary forces between the particles. When this tensile stress ex-

ceeds the inherent strength of the porous catalyst layer, the energy
is released, thereby forming cracks [166]. The impact of catalyst
layer cracks on fuel cell performance is highly complex. On one
hand, appropriate cracks can serve as pathways for water trans-
port, enhancing the drainage capability of the catalyst layer, while
also improving the pathways for oxygen transport. On the other
hand, excessive cracks can increase the resistance to electron and
proton transport within the catalyst layer, leading to higher ohmic
losses. Moreover, areas with cracks are prone to water accumula-
tion, which may cause swelling or damage to the proton exchange
membrane, thereby accelerating the degradation of the membrane
electrode [167].

Overall, the impact of cracks on the performance of the cata-
lyst layer depends on the density, morphology of the cracks, as
well as the operating conditions of the fuel cell. When design-
ing and fabricating the catalyst layer, it is necessary to take into
account the mechanisms of crack formation and control methods
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in order to optimize the performance and durability of the fuel
cell.

3.2. CL formation methods

Constructing a catalyst layer with high performance and high
Pt utilization is a key step in fabricating a MEA [3,34,168]. An
MEA can be divided into three categories based on the substrates:
Where inks can be deposited onto gas diffusion electrodes (GDEs)
to form gas diffusion electrodes, or inks can also be directly coated
onto PEMs to form catalyst-coated membranes (CCMs), whereas in
some processes, inks are deposited onto a transfer substrate and
then transferred onto the membrane by hot pressing (Figs. 8a-c).
Thus, the catalyst ink properties must match the CL technology.
The history and development of CL technology are shown in Fig.
8d. Up to now, ultrasonic spraying [35,169], doctor blade coating
[170,171], and roll-to-roll slot die coating [172,173] have been the
most used methods. From the perspective of practical application,
we will focus on these three process technologies.

3.2.1. Ultrasonic spraying

Ultrasonic spraying is the most commonly used method, as it
can ensure the consistency and uniformity of the CL, especially in
laboratories.The downside of ultrasonic spraying is its slow pro-
duction rate, making it unsuitable for production line applications
[174,175]. It is typically suitable for low solid content catalyst inks
with a value <1 wt%. The mechanism of ultrasonic spraying de-
pends on the ultrasonic atomization technique, which breaks down
the catalyst ink drops into uniform micron-sized droplets, forming
a fine mist (Figs. 9a-c) [176]. During the ultrasonic spraying pro-
cess, the catalyst ink is usually injected into the ultrasonic noz-
zle by an adjustable-speed injection pump. The catalyst ink mist is
then sprayed onto the PEM or GDL substrate, followed by heating
to form a thin catalyst layer [150]. A tailored catalyst layer is ob-
tained through layered spraying. The thickness, structure, and mor-
phology of the catalyst are affected by ink properties and ultra-
sonic spraying parameters, including ink composition, solid con-
tent, ink viscosity, aggregate size, solvent boiling point, heating
temperature, spray rate, and spray width (Figs. 9d and e) [177,178].

This method is effective for fabricating a gradient catalytic layer
by simply changing the ink for each layer [179]. For example, a

double-layer cathode catalyst layer with two commercial platinum
catalysts was designed and achieved using the ultrasonic spray
method (Fig. 9f) [174]. This type of dual-layer catalyst layer struc-
ture has been proven to enhance the maximum fuel cell power
density. Huang and co-workers fabricated a CCM with an ultra-low
Pt loading (0.272 mgp;/cm?) using the ultrasonic spray method.
They found that lower Pt loadings correspond better with lower
Nafion contents by investigating different cathode Pt loadings and
various Nafion contents [34]. Su discussed the use of ultrasonic
spray for producing high-temperature MEAs with low Pt loadings
and demonstrated high fuel cell performance and cathode mass
power density for high-temperature fuel cells with air as the cath-
ode inlet gas and ambient pressure [169]. Most high-performance
MEAs with newly fabricated catalysts in laboratories have been
achieved using the ultrasonic spray method [180-182].

3.2.2. Doctor blade coating

The doctor blade coating method is a highly effective method
for fabricating CLs with high solid content catalyst inks [36,170].
In the process of doctor blade coating, the catalyst ink is poured
in front of the scraper, then the scraper continuously moves and
pushes the viscous ink to form a uniform CL [171,183]. Typically,
the thickness of the CL is determined by the gap between the
scraper and substrate, as well as the solid content of the cata-
lyst ink [184]. The temperature of the substrate is an important
factor affecting the structure of the CL. The wet thickness of the
CL is nearly equal to the gap between the scraper and substrate,
while the final dry thickness of the CL is determined by the solid
content and solvent evaporation. The doctor blade coating method
is suitable for high solid content and high viscosity catalyst inks,
whereas low viscosity catalyst inks can spill [26]. Wu proposed a
new doctor blade coating method for fabricating fuel cell catalyst
layers and studied the stability and reproducibility of the coating
process through experiments and systematic data analysis [170].
Park used the doctor blade method to fabricate an MEA by di-
rectly coating the catalyst ink onto a pre-swollen proton exchange
membrane. The swelling process of the membrane and the drying
process of the catalyst layer have been deeply studied by investi-
gating various swelling agents with different boiling points. It was
proven that using EG as the pre-swelling agent results in good fuel
cell performance when directly coating the catalyst ink onto pre-
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swollen membranes via a doctor blade method. The doctor blade
method is also an effective step for fabricating a CL via a decal
transfer. First, the catalyst ink is spread onto a transfer membrane
to form the cathode catalyst layer. Second, the CL is transferred to
the surface of the proton exchange membrane via hot-pressing to
form a CCM, as reported in the literature [26]. The relationship be-
tween drying temperature and CL structure is crucial for achieving
a designed CL. It has been found that high drying temperatures
help form loose and porous CLs, while low temperatures promote
the formation of dense CLs, due to differences in evaporation rates
between alcohol and water [36]. The drying atmosphere can also
affect the evaporation of the solvent. However, the cost of imple-
menting these methods in industry is currently high, and they are
still in the laboratory research and development phase. The doc-
tor blade coating combined with a hot-pressing process has been
widely used for laboratory-scale decal transfers.

3.2.3. Roll to roll slot die coating

To meet the demand for mass production of CLs, a roll-to-roll
(R2R) combined with slot die coating (SDC) method has been pro-
posed [172,173]. The mechanism is similar to doctor blade coating,
where the catalyst ink is pumped into the feed slot and coated
onto a membrane or decal transfer sheet, followed by a drying
step. The R2R coating process can be categorized into double-side
direct coating and single-side direct coating in terms of differ-
ent catalyst layer. In double-sided direct coating, both the cath-
ode catalyst layer and the anode catalyst layer are directly coated
onto the PEM, which may lead to the swelling. At the current
stage, achieving double-sided direct coating is still quite challeng-
ing. Single-sided direct coating is relatively more mature, espe-
cially the combination of anode direct coating and cathode trans-
fer printing, which can effectively address the issue of membrane
swelling [185,186].

Toyota Motor Corporation put forward an intermittent R2R-SDC
method to produce the CCM for MIRAI fuel cell vehicles, aiming to
save Pt catalyst, in 2016 (Fig. 10a) [4]. The biggest challenge of this
R2R method is still the stable control of the coating start and finish
times (Fig. 10b). The quality of the CL fabricated by the R2R-SDC
method is controlled by the coating and drying processes [187].

It has been established that the coating parameters, including the
tape speed, die width, gap between the slot die lips and substrate,
as well as ink properties, together determine the wet CL thickness.
Mauger proposed a gravure coating as a relevant technology for
the synthesis of R2R CLs, which is able to coat multi-meter lengths
of CLs at industrially relevant Pt loadings. The gravure coated CLs
show a more uniform thickness and larger pore sizes compared to
spray-coated CLs [41]. Bodner studied the suitability of R2R-SDC
by deeply comparing the CLs’ performance in terms of homogene-
ity, reproducibility, and durability, in which the CLs were manufac-
tured by the slot-die process, spraying, and tape coating methods,
respectively. These studies indicated that R2R-SDC is suitable for
large-scale industrial catalyst layer production [173]. Talukdar pre-
sented a new dry-spraying method by coating solvent-free catalyst
powder mixture onto PEM via a hot R2R method (Fig. 10c). Better
fuel cell performance was achieved by ensuring a better ionomer
distribution throughout the catalyst layer [188]. What is more, the
R2R coated method can also be applied to the fabrication of gas-
diffusion electrodes (GDEs) (Fig. 10d) [176]. The effect of coating
process conditions and drying parameters on the ionomer distribu-
tion has been studied. The surface ionomer concentration on GDEs
obtained by the R2R method was higher than that of the spray
method, which is beneficial for large-scale MEA manufacturing for
fuel cells by simplifying the process [176]. Up to now, R2R-SDC is
the most promising industrial-scale method to meet the demand
for manufacturing speed. However, not all catalyst ink systems are
suitable for this process. To speed up the transformation of re-
search achievements from the laboratory to industrial production,
it is necessary to pay more attention to CL synthesis methods.

4. Advanced characterization technique for catalyst layer

Developing advanced characterization techniques for catalyst
layers is important to accurately analyze the microstructure of CLs
and to deeply understand the structure-function relationship, thus
providing reliable guidance for CL structure design and manufac-
turing methods [149,154,189]. Scanning electron microscopy (SEM)
is the most used technology to characterize the surface and cross-
section of CLs, providing information on cracks and layer thick-
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ness, respectively (Figs. 11a and b) [25,190,191]. Scanning trans-
mission electron microscopy with energy-dispersive X-ray spec-
troscopy (STEM/EDS) is a powerful imaging technique for establish-
ing elemental mapping throughout the CL. The elemental maps can
also provide information on changes in the catalyst and ionomer
by tracking the distribution of specific species [39]. Besides, X-
ray photoelectron spectroscopy (XPS), X-ray absorption near-edge
structure (XANES), X-ray absorption spectroscopy (XAS), and other
chemical mapping technologies have been applied to characterize
catalyst layer changes in terms of catalyst degradation and redis-
tribution and the dissociation of ionomers. Even minor changes in
the CL structure can significantly affect the performance and sta-
bility of PEMFCs. One of the biggest challenges in characterizing
CL morphology is the accurate identification of the ionomer net-
work due to limitations in instrument precision, the inability to
characterize multi-scale structural information simultaneously, and
data analysis [41,42,192]. Cetinbas successfully characterized the 3-
D agglomerate microstructure with high resolution up to 1nm us-
ing nano-scale resolution X-ray computed tomography (nano-CT)
techniques.

10

A strong correlation between the ionomer membrane thick-
ness and I/C ratio was established using three-dimensional hy-
brid reconstruction methods. They also demonstrated that seg-
mented phase contrast images combined with absorption contrast
data can provide information on both secondary pores and lo-
cal ionomer volume fraction (Figs. 11c and d) [41]. Recently, a
three-dimensional visualization technology has been developed us-
ing deep-learning-aided cryogenic transmission electron tomogra-
phy for image restoration, achieving imaging of the ionomer mor-
phology, coverage, and three-dimensional network, as well as the
location of the catalyst in the CL. The workflow and analysis of the
CL are shown in Figs. 11e-g. The sample preparation was quite dif-
ferent from the normal liquid phase ultrasonic dispersion process.
The TEM grids were placed onto the stripes of the CL to trans-
fer enough powder samples. Another method involved ultramicro-
tomy to create a thin sample layer with a thickness of around 100-
150 nm. Furthermore, advanced three-dimensional imaging meth-
ods were explored for quantitative measurements of all compo-
nents of the CL. This new methodology for characterizing the fine
structure of the CL enables the establishment of a link between CL
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morphology and fuel cell performance [44]. In the future, multi-
scale, multi-technique characterization approaches will be devel-
oped to meet the demands of more refined catalytic layer struc-
tures.

5. Conclusion and perspectives

(1) Proton exchange membrane fuel cells, featured with high power
output and environmental friendliness, have garnered signifi-
cant attention to serve as a new energy solution, especially in
the field of transportation. With demands for high reliability
and outstanding performance, many efforts have been made in
the manufacturing and optimization of the MEA. The catalyst
ink composition and the relationships between its components
directly affect the CL structure and performance. Thus, the cat-
alyst ink formulation and technology are usually the core se-
crets of a company. In order to obtain a crack-free CL and to
achieve the designed CL structure, various CL formation meth-
ods have been developed. Ultrasonic spraying is the most com-
monly used method in laboratories, while the R2R-SDC method
can meet the requirements of production cycle times. The ink
properties and process parameters determine the CL structure,
such as thickness, pore size and distribution, ionomer coverage,
and other important structural factors. To establish the rela-
tionship between structure and performance, a key step is to
meticulously characterize the CL structure. Up to now, many
advanced characterization techniques have been developed to
capture the 3D ionomer network information and the catalyst
location simultaneously, such as nano-CT and electron tomog-
raphy acquisition techniques. Although significant progress has
been made in recent years regarding the manufacturing of cat-
alyst inks and MEAs, as well as the study of interaction mech-
anisms, there remains a substantial journey ahead with many
challenges within the field.
From the perspective of catalyst ink preparation, with the de-
velopment of new materials and the demand for technology it-
eration, new technologies should be developed to accelerate the
process of catalyst ink trial and error development, such as Al-
assisted design based on Big Data. Moreover, greater attention
should be paid to the stability of the catalyst ink. It is challeng-
ing to achieve real-time preparation and usage, as it often re-
quires dealing with a large quantity of catalyst ink in practical
applications.

(3) In order to reduce the cost of the catalyst layer and improve
the overall fuel cell output performance, ultrathin and new-
structure CLs should be designed. And, aiming to precisely con-
trol the formation of CL morphology, it is important to deeply
study the CL fabrication process, especially the drying mecha-
nism, thus regulating the multi-pore structure and ionomer 3D
networks of the CL. The CL manufacturing process should be
upgraded based on the drying mechanism of the solvent in the
catalyst ink.

(4) The ionomer distribution and thickness on catalyst aggregates
play an important role in regulating the mass transport re-
sistance and proton conduction of the CL. However, it is hard
to accurately characterize the three-dimensional network struc-
ture of ionomers due to the limitations of characterization tech-
niques. Therefore, it is necessary to develop advanced multiple
characterization methods to obtain the structural information
of the CL.

(5) To meet commercial needs, it is necessary to narrow the gap
between laboratory research and industrial production. There
are thousands of new catalysts with high performance and
great durability; however, Pt/C or a few types of PtCo/C remain
the first choice for fuel cell cathodes. There is still a long way to
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go to understand the reasons and solve the engineering prob-
lems.
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