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SUMMARY

Proton-exchange membrane fuel cells (PEMFCs) have attracted substantial global attention from academia,
industry, and policymakers due to their critical role in enabling clean and efficient energy conversion. This mo-
mentum is increasingly reflected in real-world applications, including the commercialization of fuel cell vehicles
and growing interest in heavy-duty transport solutions. However, PEMFCs still face major barriers to wide-
spread adoption—chief among them are high system costs and limited durability. These challenges largely
stem from the membrane electrode assembly (MEA), the functional core of the fuel cell. Accordingly, extensive
research efforts have focused on advancing MEA materials, particularly membranes and electrocatalysts, to
enhance performance while reducing cost and improving longevity. This review provides a comprehensive
overview of recent developments in both state-of-the-art and emerging MEA materials alongside fabrication
strategies and their associated trade-offs. By outlining key limitations and proposing future research direc-
tions, this work highlights the urgent need for durable, efficient, and scalable solutions to drive PEMFC

commercialization in sectors such as transportation, energy storage, and distributed power generation.

INTRODUCTION

Climate change, energy security, and sustainability represent
some of the most pressing challenges of our time, elevating
hydrogen to an unprecedented level of importance in the global
energy landscape. To achieve net-zero carbon emission targets
by 2050, countries such as the United States and members of
the European Union have introduced comprehensive road-
maps.'* In this context, hydrogen emerges as a promising solu-
tion, both as a fuel and as an energy carrier, to meet carbon-free
energy goals.® In our previous reviews, we have discussed the
methods and the current status of hydrogen production.*® Our
scope will be fuel cells in this review.

Decarbonizing the transportation sector is particularly critical
to achieving the objectives outlined in the Paris Agreement. Gov-
ernments worldwide are implementing diverse policies to
support this transition, as detailed in the International Energy
Agency (IEA) Global Electric Vehicle (EV) Policy Explorer.® For

heavy-duty transportation, the European Commission proposed
in 2023 an amendment to the 2019 regulation on CO, emission
standards, targeting a 90% CO, reduction for trucks by 2040
and requiring all city buses to achieve zero emissions by 2030.”

Fuel cells play a pivotal role in enabling a sustainable and equi-
table clean energy future by efficiently converting the chemical
energy of clean hydrogen and other fuels into electricity, with
heat and water as the only by-products. These versatile systems
have applications across numerous sectors, including transpor-
tation (road, rail, marine, and aviation), stationary power (indus-
trial, commercial, and residential), and long-duration energy
storage for the electricity grid. Furthermore, fuel cell technolo-
gies are instrumental in advanced applications such as com-
bined heat and power systems and hybrid approaches like tri-
generation, which simultaneously produce power, heat, and
hydrogen. By addressing both immediate and long-term chal-
lenges, fuel cells represent a cornerstone in the global transition
toward sustainable energy solutions.
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Grubb and Niedrach (GE) develop the first
PEMFC for NASA, introducing Nafion
membrane and Pt catalyst.

| Advanced Carbon Supports
Research on CNTs and graphene as catalyst
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Gore Composite Membranes

Cell Re[_)orts .
Physical Science

2000s

| Durable membranes
Nafion XL, HP, and Aquivion offer
improved lifetime and performance
under high-temp and low-humidity
conditions.

Gore introduces reinforced PFSA membranes,
enhancing mechanical stability and durability.
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Toyota Mirai Il and Hyundai Nexo debut with
better efficiency, range, and reduced cost.
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Figure 1. Timeline illustrating the historical evolution and projected milestones of PEMFCs

The evolution begins with their invention in the 1960s for NASA missions, followed by Gore’s development of composite membranes in the 1990s and research
into advanced carbon supports in the 2000s. Commercialization efforts gained traction with Japan’s Ene-Farm residential systems in 2009 and the launch of the
first mass-produced FCEV, the Toyota Mirai, in 2015. Progress in the 2010s included chemically stabilized membranes and catalyst innovations that reduced
platinum usage. The 2020s mark the emergence of second-generation FCEVs and heavy-duty applications. Looking forward, PEMFC are expected to play a
central role in decarbonizing transport and enabling a sustainable, zero-emission energy economy by 2040.

As summarized in Figure 1, proton-exchange membrane fuel
cell technology has undergone significant evolution since its
inception, addressing long-standing challenges in cost, dura-
bility, and system performance. Originally developed in the
1960s by Grubb and Niedrach at General Electric for NASA
space missions,® proton-exchange membrane fuel cells
(PEMFCs) remained limited to specialized applications due to
their high cost and platinum dependence. In the 1990s, advance-
ments in membrane electrode assembilies, including Gore’s
introduction of reinforced composite membranes, and improved
platinum-based catalysts marked the first major performance
leap.”'° The 2000s witnessed the emergence of carbon nano-
structures, such as carbon nanotubes and graphene as high-
performance catalyst supports,'" and the first real-world station-
ary applications, like Japan’s Ene-Farm systems.'? By 2015, the
commercialization of the Toyota Mirai | signaled PEMFC readi-
ness for consumer use, '* followed by the release of second-gen-
eration fuel cell electric vehicles (FCEVs) such as the Mirai Il and
Hyundai Nexo around 2021-2022. Parallel progress in chemi-
cally stabilized perfluorinated sulfonic acid (PFSA) membranes
and catalyst optimization between 2010 and 2019 further
boosted efficiency and durability.’*'® Entering the 2020s,
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PEMFCs gained traction in heavy-duty mobility and infrastruc-
ture applications, particularly through long-range freight vehicles
and buses. Ongoing efforts aim to reduce platinum usage by
over 50% and extend stack lifetimes beyond 25,000 h by
2030,° setting the stage for zero-emission deployment in avia-
tion, shipping, and industrial sectors by 2040.""

Comparison of different types of fuel cell technologies
Fuel cells are categorized into several key types based on their
structure, operating mechanisms, and applications (Figure 2).
Among the most notable are alkaline fuel cells (AFC), PEMFCs,
solid oxide fuel cells (SOFCs), and anion-exchange membrane
fuel cells (AEMFCs).""'® These technologies differ in various
characteristics, including electrolyte type, operating tempera-
ture, anode and cathode reactions, power output, and efficiency,
as summarized in Table 1.

Among these, PEMFCs stand out as the most effective due to
several key advantages, including low-temperature operation
(80°C-100°C), compact design, rapid response to load changes,
and high efficiency (>60%).%° These benefits position PEMFCs
as promising candidates for next-generation power sources,
particularly in the transportation sector.
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In recent years, the industrialization of alternative energy vehi-
cles, especially battery electric vehicles (BEVs), has gained mo-
mentum due to their low carbon emissions and the growing
accessibility of charging infrastructure. However, while BEVs
dominate the current market, fuel cell vehicles (FCVs) offer
notable advantages, including longer driving ranges (up to
600 km before refueling), shorter refueling times (3-5 min), and
superior energy density compared to batteries.”®?’ These attri-
butes make FCVs particularly well suited for heavy-duty applica-
tions, long-distance transportation, and sectors such as ship-
ping and aviation, where BEVs face limitations.®

Heavy-duty vehicles powered by fuel cells have gained signif-
icant interest in recent years. For example, the US Department of
Energy (DOE) has set ambitious targets for fuel cell system life-
times, aiming for 8,000 h for light-duty vehicles and 30,000 h
for heavy-duty trucks under operating conditions.® The long-
distance benefits and rapid refueling of FCVs make them a supe-
rior alternative to BEVs for such applications.

The growing demand for PEMFCs is reflected in market pro-
jections. The global PEMFC market, valued at US$2,044.73
million in 2020, is expected to reach US$6,270.43 million by
2027.%° Additionally, PEMFCs in the transportation sector are
projected to exceed US$8 billion by 2034.°° Major FCEV manu-
facturers, such as Hyundai, Toyota, and Honda, have demon-
strated the viability of PEMFC technology by incorporating it
into their platforms.®’*? These factors underline the significant
potential of PEMFCs as the leading technology for future clean
transportation solutions.

Description of the PEMFC system

As the hydrogen economy gains momentum, the demand for
materials used in PEMFCs is expected to rise significantly,
particularly in tandem with the expanding FCEV market. The
global market for hydrogen FCVs is projected to grow from
US$0.2 billion in 2024 to US$2.1 billion by 2030, reflecting a
compound annual growth rate (CAGR) of 48%.°° However,
despite this promising growth trajectory, several critical chal-
lenges remain, including high manufacturing costs, complex
hydrogen storage requirements, and logistical barriers to
hydrogen transportation, all of which hinder the widespread
adoption of fuel cell technologies in consumer vehicles. Ad-
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Figure 2. Fuel cell types

Shown is a schematic of the ion conduction
mechanisms and reactant/product flows in AFCs,
SOFCs, PEMFCs, and AEMFCs. A detailed com-
parison is provided in Table 1. Arrows indicate the
transport of Hp, O,, Ho0, ions, and electrons.
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dressing these challenges necessitates
the development and deployment of
cost-effective, durable, and high-perfor-
mance materials to facilitate broader ap-
plications across various industries.

At the core of a PEMFC system lies the
membrane electrode assembly (MEA),
often referred to as the “heart” of the
fuel cell. The MEA consists of two elec-
tronically conductive electrodes —-the anode and the cathode—
separated by a proton-conductive solid polymer membrane,
which functions as the electrolyte (Figure 3A). Typically, PFSA
polymers serve as the primary membrane material, while Pt/C
and Pt alloy/C catalysts are incorporated into the electrode
structures. Although these materials offer acceptable perfor-
mance and durability, their high cost remains a substantial bar-
rier to the large-scale commercialization of PEMFC-based sys-
tems. Within the MEA, two key electrochemical reactions take
place:

(1) the hydrogen oxidation reaction (HOR) at the anode,
where hydrogen molecules are split into protons and elec-
trons, and

(2) the oxygen reduction reaction (ORR) at the cathode,
where oxygen reacts with the protons, forming water as
the only by-product.

These reactions occur at specialized active sites known as tri-
ple-phase boundaries (TPBs), where the catalyst, reactant gases,
and electrolyte interact to facilitate efficient energy conversion.*
There are various methods in the literature for the preparation of
MEAs. Generally, these methods can be categorized into two
types: (1) preparation of MEAs using gas diffusion electrodes
(Figure 2A), where the catalyst ink is applied onto the gas diffusion
layer using different spraying techniques, and (2) the catalyst-
coated membrane (CCM) approach, in which the catalyst layer
is applied directly onto the membrane (Figure 3B).%°

The hydrogen and fuel cell markets have witnessed substan-
tial growth in recent years and are poised for further expansion.
In the European Union (EU) alone, the hydrogen industry is pro-
jected to reach a market valuation of €65 billion by 2030.%” Simi-
larly, the global hydrogen FCV market, valued at US$2.32 billion
in 2024, is anticipated to grow exponentially, reaching US$29.70
billion by 2030.% In parallel, the market for PEMFC-powered
systems is expected to experience rapid expansion, with esti-
mates placing its valuation at US$7.15 billion by 2028.°°

These projections underscore the increasing global reliance
on hydrogen-based technologies as viable alternatives to con-
ventional fossil fuel systems. However, achieving widespread
adoption will require continued advancements in materials
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Table 1. Comparative analysis of four major fuel cell technologies

Fuel cell types AFCs SOFCs PEMFC AEMFCs

Temperature, °C <100"® 500-1,000"® <120"® <80%°

Common
electrolyte

Anode reaction

Cathode reaction
System output, kW
Lifetime, h

Cost

Advantages

Disadvantages

aqueous KOH solution
soaked in a matrix

2H, + 40H —
4H,0 + 4e”~

O, + 2H,0 + 4™ — 40H™

10-100""
>5,0007"
. €104-€170-kW %!

faster cathode reaction
kinetics under alkaline
conditions, enhance
performance

electrolyte management
challenges

yttria-stabilized zirconia

0% +H, > H,0 +2e~

1/20;, +2e~ - Oy~
<1-3,000""

40,000-80,000°
US$0.07-US$0.08-kWh™'**
high efficiency, fuel flexibility,
diverse catalyst options, and
reduced electrolyte
management issues due to
solid oxide electrolytes

high temperature operation,

corrosion risks, component
degradation, and slow

perfluorinated sulfonic acid
polymeric membranes

Hp — 2H* + 26~

1/2 0 + 2H* + 2™ — H,0
<1-250""

5,000%°

US$76-kw'%2

reduced corrosion,
simplified electrolyte
management, mild operating
temperatures, and rapid
start-up

high cost of PGM catalysts,
fuel impurity sensitivity

no common electrolyte,
polymers comprising
hydrocarbon backbone
and -NRz" side chain

2H, + 40H™ = 4H,0 + 4e~

O, + 2H,0 + 4™ — 40H™

300-5,0007"

fuel flexibility, compact
design, low-cost MEA
fabrication, and elimination
of perfluorinated polymers
and PGM-based catalysts.

slow HOR kinetics, low AEM
jonic conductivity; water
management, and the

start-up

chemical stability of
membranes

science, cost reduction strategies, and infrastructure develop-
ment to support the integration of PEMFCs into mainstream en-
ergy and transportation systems.

The role of membranes in PEMFCs

In a PEMFC, the membrane serves a pivotal role by separating
the anode and cathode while facilitating selective proton trans-
port.*® Key characteristics of the proton-exchange membrane
(PEM) include (1) high proton conductivity to ensure efficient pro-
ton migration under operating conditions; (2) gas impermeability
to prevent hydrogen and O,/air crossover and exceptional
chemical and mechanical stability to withstand the demanding
PEMFC environment, characterized by acidic, oxidizing, and
reducing conditions; (3) utilization of low-cost polymers, which
is imperative to support widespread commercialization.

The role of electrocatalysts in PEMFCs

Electrocatalysts in PEMFCs facilitate the electrochemical reac-
tions at the anode and cathode, with the cathode catalyst playing
a critical role in performance and stability.*’ The ideal properties
of a cathode catalyst include (1) high catalytic activity and selec-
tivity to catalyze the desired reactions while suppressing side re-
actions, (2) good durability to maintain performance over
extended operational periods, (3) resistance to poisoning to
minimize performance loss due to impurities like CO in the reac-
tant gases, and (4) utilization of abundant and low-cost materials
to ensure economic viability.

Research and development focus

The performance of PEMFCs depends heavily on the properties of
both the membrane and electrocatalysts. Current research and
development efforts aim to enhance the performance, durability,
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and cost-effectiveness of these materials. This review will focus
on recent advancements in membrane and catalyst technologies
for PEMFCs, highlighting their critical roles in achieving a sustain-
able hydrogen economy and advancing clean energy solutions.

Cost barriers for fuel cell applications

The high cost of PEMFC technology remains one of the primary
barriers to its widespread market adoption. These costs stem
not only from the expenses associated with individual stack
components and their durability but also from the price of
hydrogen fuel and the limited availability of hydrogen infrastruc-
ture, which are critical for PEMFC operation.®

In terms of fuel cell stack costs, the materials used, their
manufacturing processes, and their durability significantly influ-
ence the overall system cost. MEA, considered the heart of a
fuel cell, is the largest contributor to system costs, as illustrated
in Figure 4. Among MEA components, the use of platinum-group
metals (PGMs) in the electrode structure is a major cost driver,
accounting for approximately 40% of the total stack cost.***®
However, reducing PGM usage often results in decreased effi-
ciency, durability, and overall performance. Thus, a trade-off be-
tween Pt loading and cell performance is essential, highlighting
the need for significant advancements in PEMFC electrocata-
lysts to achieve high power output.**

Another expensive MEA component is the membrane, which
accounts for approximately 10% of the total stack cost.?®
Currently, PFSA-based membranes, such as Nafion, are exten-
sively employed due to their superior chemical and physical
properties. However, these membranes are costly, priced at
US$350-US$500 m~2, and perform optimally only under high
relative humidity and temperatures below 100°C.*® These limita-
tions often lead to challenges such as water management issues
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and Pt poisoning, prompting a need for alternative, cost-effec-
tive membrane materials with enhanced performance.

Recent advancements have significantly reduced the cost of
PEMFC stacks for FCEVs, which stood at approximately US
$75/kW in 2022, representing a 35% reduction over recent
years.?” However, further cost reductions are necessary to
achieve the 2030 cost targets for heavy-duty FCV systems.
Cost reduction strategies
To meet the long-term cost goals for heavy-duty FCV systems,
research, development, and demonstration efforts must priori-
tize reducing the costs of stack components, particularly mem-
branes and catalysts. The US DOE’s Hydrogen and Fuel Cell
Technologies Office Multi-Year Program Plan emphasizes
reducing the cost of stack components, including the MEA, to
US$27 for a 275 kW PEMFC system.*® Achieving this goal will
require a combination of advanced material development, opti-
mized manufacturing processes, and improved durability to
ensure cost-effective and high-performing fuel cell systems for
widespread adoption.

The political-economic landscape

The global landscape for hydrogen generation and fuel cell appli-
cations is experiencing a significant transformation, driven by a
confluence of factors, including technological advancements,
policy initiatives, and environmental imperatives. As of 2024,
the market size for green hydrogen exceeded US$6.49 billion,
with projections indicating a CAGR of over 31% through
2032.“° This rapid growth is underpinned by substantial govern-
mental support, exemplified by initiatives such as the US DOE’s
US$750 million funding for 52 hydrogen projects across 24
states and the EU’s collaborative efforts with Japan to accelerate
hydrogen technology deployment.>® The economic impact of
this burgeoning sector is poised to be substantial, with estimates
suggesting that, by 2050, global sales of hydrogen could be
worth US$600 billion, while the value chains of green hydrogen
could represent a US$11.7 trillion investment opportunity.®’
This economic potential is coupled with significant environ-
mental benefits, as evidenced by California’s Hydrogen Hub
initiative, which aims to decarbonize public transportation,
heavy-duty trucking, and port operations by 2 million metric
tons per year.52 The international collaboration fostered through
multilateral partnerships and emerging trade corridors is crucial
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Figure 3. Schematic of MEA fabrication
methods

(A) MEA fabrication using sprayed electrodes.

(B) MEA fabrication utilizing a catalyst-coated
membrane (CCM) approach.

Adapted with permission from the American
Chemical Society.*

for establishing industry standards and
supporting infrastructure development.®®
However, challenges persist, including
unclear demand signals, financing hur-
dles, and regulatory uncertainties.>*
Despite these obstacles, the trajectory
of hydrogen and fuel cell technologies
suggests a transformative impact on
global gross domestic product (GDP) and a substantial contribu-
tion to mitigating environmental challenges worldwide, posi-
tioning this sector as a key driver in the transition to a sustain-
able, low-carbon global economy.®®

Network

PEMFC components

Each fuel cell stack comprises multiple individual cells con-
nected in series to attain the required power output, as each in-
dividual cell can produce only a maximum theoretical voltage of
1 V. As illustrated in Table 1, each single cell within the stack is
composed of four primary components: a solid polymeric
PEM, two porous conductive catalyst layers (CL), two micropo-
rous carbon-based gas diffusion layers, and two bipolar plates
(BPs) with flow channels for reactant transport.”®°” It is crucial
to focus on the development of new materials to further enhance
the performance and reduce costs of the system. As research ef-
forts increasingly shift toward manufacturing challenges, signifi-
cant strides are being made to innovate and improve the mate-
rials, especially those used in membranes and electrodes.”®
PEMs

The membrane, as the core component of the MEA in PEMFCs,
plays a pivotal role in ensuring efficient operation and overall sys-
tem performance. It primarily serves as a medium for proton
transport from the anode to the cathode, where they combine
with oxygen to produce water.”” Consequently, the success of
PEMFC technology heavily depends on the development of
high-performance, durable, inexpensive, and environmentally
friendly membranes capable of withstanding the demanding
conditions of cell operation.

Generally, an ideal PEM must possess high ionic conductiv-
ity, robust mechanical strength, and excellent thermal and
chemical stability to ensure reliable performance.®® One of
the key factors influencing membrane performance is its ability
to maintain a delicate balance between water uptake and pro-
ton conductivity.®® Proper hydration is essential for ensuring
the presence of sufficient proton-conducting sites along with
well-connected pathways for efficient proton transport, partic-
ularly through the vehicle mechanism. However, excessive
water uptake can lead to undesirable dimensional changes
during hydration and dehydration cycles, resulting in mechan-
ical degradation and eventual structural failure. Moreover,

Cell Reports Physical Science 6, 102728, August 20, 2025 5
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Figure 4. The stack component cost break-
down based on the production volume for
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Information is adapted from the US DOE
Hydrogen Program Record: (A) at 50,000 systems/
year and (B) at various production volumes (CVM,

cell voltage monitor).*

Classification of PEMs

In PEMFCs, the membrane material is
typically a solid polymer featuring a back-
bone integrated with ion-conducting
polar moieties.®**® These materials are

excess water can obstruct the transport of reactant gases to
the CLs, causing water flooding issues, especially on the cath-
ode side. Recent advancements in water management for
PEMFCs have focused on refining this balance between hy-
dration and water transport rate, both of which carry a signif-
icant importance for ensuring optimal fuel cell performance
and longevity.?>®%¢" For this purpose, water distribution and
transport phenomena are extensively studied by employing a
combination of advanced computational modeling in parallel
with diagnostic and experimental techniques to investigate
water dynamics within fuel cell components, aiming to identify
optimal operating conditions and develop innovative design
strategies. By analyzing the intricate interplay between water
distribution, electrochemical reactions, and transport mecha-
nisms, ongoing research is driving the development of next-
generation materials, flow control strategies, and operational
protocols. Furthermore, while the membrane must be highly
permeable to protons and water molecules, it is crucial that
it remains impermeable to reactant gases, as gas crossover
can lead to the direct mixing of hydrogen and oxygen, result-
ing in membrane perforation, ultimately compromising both
safety and durability.®%:%*

Achieving this balance necessitates an optimized trade-off
among three critical factors.

(1) Performance: encompassing efficiency, durability, and
adaptability to operating conditions

(2) Safety and environmental impact: addressing concerns
related to operation, fabrication, and recycling of mem-
brane materials

(3) Cost: optimizing material selection, fabrication pro-
cesses, and production scalability to enhance commer-
cial viability

These advancements hold significant potential for improving
efficiency, reliability, and durability across a broad spectrum of
fuel cell applications, ranging from transportation to stationary
power generation. As research continues to refine water man-
agement techniques, PEMFC technology is poised to achieve
greater commercial viability, supporting the global transition to
sustainable and high-performance hydrogen energy systems.

6 Cell Reports Physical Science 6, 102728, August 20, 2025

commonly categorized into five main

groups based on their chemical struc-

ture: perfluorinated, partially fluorinated,
non-fluorinated, acid-base blends, and other varieties, such as
carbon-based nanomaterials and natural polymer-based mem-
branes. Beyond their chemical characteristics, PEMFC mem-
branes can also be classified based on the fabrication methods,
which play a pivotal role in defining their microstructure and,
consequently, their performance and properties.®®®” Common
fabrication techniques include solution casting—the most widely
used method —alongside extrusion,®’ radiation-induced grafting
(RIG),®® electrospinning, and approaches that combine multiple
techniques. Each fabrication method imparts distinct micro-
structural characteristics to the membrane, influencing its func-
tional properties. This review provides a detailed overview of the
application of RIG and electrospinning techniques in the devel-
opment of membranes for low-temperature PEMFCs.
Perfluorinated membranes
Among the various membrane types, perfluorinated membranes
represent the first commercially developed and most mature
class for PEMFC applications. These membranes are synthe-
sized through the copolymerization of either aliphatic or aromatic
fluorinated monomers, both of which are functionalized with
acidic side chains such as sulfonic, carboxylic, or phosphonic
acid groups.®® Structurally, they comprise a hydrophobic polyte-
trafluoroethylene (PTFE) backbone linked to perfluorinated vinyl
ether pendant side chains terminated with hydrophilic acidic
groups.’® The exceptional chemical, mechanical, and thermal
stability of perfluorinated membranes is primarily attributed to
the hydrophobic PTFE backbone, characterized by its robust
carbon-fluorine bonds. Conversely, their high proton conductiv-
ity stems from the hydrophilic acidic terminal groups. Within this
category, PFSA membranes are the most prominent.

PFSA membranes are categorized by their side-chain
length (namely, long side chain and short side chain), resulting
in variations in their equivalent weight, inherent properties, and
performance. Marketed examples include Nafion, Aquivion,
Gore-Select, and Flemion, produced by DuPont, Solvay, W.L.
Gore, Brussels, and Asahi Glass, respectively. Nafion, devel-
oped by Walther Grot in the late 1960s for aerospace applica-
tions, remains the most widely used membrane for PEMFCs
in both research and industry.”" Its popularity stems from
its exceptional properties, such as high chemical stability, a life-
span exceeding 60,000 h, adequate ion exchange capacity
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Table 2. Commercial PEMs

Membrane Company Thickness (um) Conductivity (mS-cm™") IEC Reference
Aciplex Asahi Chemical 240 11.4 at 30°C and 100% RH 1.4% Pan et al.”®
K-101

Nafion N117 DuPont 180 13.3 at 30°C and 100% RH 0.9° Pan et al.”®
Nafion DuPont 400 10.5 at 30°C and 100% RH 1.12 Pan et al.”®
N-901

Nafion 211 DuPont 254 70 at 25°C 0.98% Pan et al.”®
Nafion 212 DuPont 50.8 80 at 30°C 0.9° Leeetal.”’
Nafion N115 DuPont 127 100 at 25°C and 100% RH 0.9° Chemours™®
Pall R-1010 Pall RAI 100 33.3 at 30°C and 100% RH 1.2° Pan et al.”®
Gore-Select W.L. Gore & Associates 18 12.5 at 80°C and 30% RH - Gore”®
Aquivion E87-05S Solvay-Solexis 50 228 at 80°C and 100% RH 1.12° Solvay®®

Shown are properties of selected commercial PEMs used in fuel cells, including membrane thickness, proton conductivity under specified conditions,
ion exchange capacity (IEC), and manufacturers. Data highlight the variability in performance among different PEM materials based on composition

and operating conditions.
ammol-g~".
Pmeq-g~".

(IEC = 0.91 mmol-g~"), and excellent ionic conductivity (c = 80
mS-cm~" at 100% relative humidity [RH] and 30°C), making it
the benchmark for PEMFC membrane comparisons.®*""~"*

Nafion is available in various forms, including films of different
thicknesses (e.g., Nafion 112, 115, 117, 211, and 212) and ion-
omer dispersions at concentrations of 5% and 20% by weight.”*
Despite its unique properties, Nafion has several drawbacks. Its
performance is constrained by a narrow operational temperature
range (<90°C) and high RH (~100%) requirements, limiting
versatility and increasing system costs due to supplementary
humidification systems.”* For instance, the proton conductivity
of Nafion 212 decreases nearly 5-fold when the RH drops from
80% to 40% at 80°C and reduces by approximately 1.5 times
when the temperature decreases from 80°C to 60°C at 80%
RH.”® Additional challenges include excessive swelling/contrac-
tion during hydration cycles, complex manufacturing processes,
expensive monomers (>US$500 m~2), and environmental con-
cerns, such as toxic fluoride gas release during degradation.®®
To overcome these issues, various strategies have been devel-
oped to address the aforementioned issues by either modifying
the properties of Nafion membranes or completely replacing
them with alternative options. Nevertheless, Nafion membranes
have remained the most used membrane materials for PEMFCs
over the past decades.

Table 2 presents a selection of commercial PEMs, key to fuel
cell operations, characterized by their thickness, conductivity,
and IEC. These membranes exhibit an IEC ranging from approx-
imately from 0.9 to 1.4 mmol-g~", which is pivotal for their pro-
ton conduction efficiency. Conductivities vary from around 10—
300 mS-cm™", typically measured at a standard temperature of
25°C-30°C and 100% RH, but it is essential to note the sub-
stantial dependency of these values on temperature and humid-
ity levels. The membrane thickness spans a broad spectrum
from 18 to 400 um, influencing not just the mechanical robust-
ness but also the conduction efficiency of the membrane.
Therefore, the choice of membrane for specific fuel cell applica-
tions must consider these parameters, aiming to optimize IEC,

conductivity, mechanical stability, and sensitivity to environ-
mental conditions.
Partially/non-fluorinated and acid-base membranes
Unlike perfluorinated membranes, which are composed exclu-
sively of fluorocarbon units in both the polymer backbone and
side chains, partially fluorinated membranes integrate primarily
aliphatic polymer structures with fluorocarbon segments in their
backbones. These membranes typically feature side chains
comprising non-fluorinated hydrocarbon pendant groups, such
as sulfonated aromatic moieties.?’*> An example of such mem-
branes involves grafting various monomers, such as styrene or
its derivatives,®® onto base polymers like polyvinylidene fluoride
(PVDF),2*® poly(ethylene-alt-tetrafluoroethylene) (ETFE),%55°
or poly(tetrafluoroethylene-co-hexafluoropropylene) (FEP),*°
which have been extensively studied. In certain cases, the result-
ing copolymer structures are transformed into proton-con-
ducting membranes through acid treatment processes, such
as sulfonation®' or phosphoric acid doping,®® to incorporate
ion-conductive polar groups, enabling proton transport. In
contrast to previous types, non-fluorinated membranes are
entirely free of fluorocarbon units, with their backbone and side
chains composed exclusively of aliphatic or aromatic hydrocar-
bon units.®> Notable examples include sulfonated poly(ether
ether ketone) (SPEEK),® poly(arylene ether sulfone),®* polyphe-
nylene sulfone,’>°® and polybenzimidazole.””*°® Another cate-
gory includes acid-base blend membranes, which combine an
acidic polymer, as a proton donating agent, with a basic com-
pound often containing N-heterocyclic compounds, such as
imidazole or pyridine.®®

The aforementioned membrane types provide a more cost-
effective alternative to traditional perfluorinated membranes by
partially or entirely replacing fluorine. This substitution signifi-
cantly lowers the costs associated with the fluorination process
and the reliance on expensive fluorine-containing monomers.
Nonetheless, ongoing research is focused on optimizing their
properties to ensure optimal performance under real operating
conditions.
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Nafion-based hybrid and composite membranes

A widely adopted strategy for enhancing Nafion membranes in-
volves incorporating organic or inorganic additives,”* such as
ionic liquids, metal oxides, including SiO,,'"°%'""" Ti0,,'
Zr0O,,"%® or their functionalized variants,”? to create hybrid com-
posite membranes. The properties of these additives—such as
size, morphology, surface functionality (e.g., charge type and
density), dispersion quality, and compatibility with Nafion—
directly influence the membrane’s performance.”*'%

For instance, nanotube-bead additives enhance water reten-
tion and diffusion by acting as nanoscale water transport chan-
nels.'%® Similarly, incorporating non-functionalized oxides like
SiO, improves thermochemical stability, dimensional integrity,
and fuel crossover resistance.'°® However, these improvements
often come at the cost of reduced conductivity due to the disrup-
tion of interconnected proton transport channels. In contrast,
introducing charged functional groups significantly enhances
conductivity by increasing the number of charge carriers and
facilitating dynamic interactions with sulfonic acid groups of
the Nafion alongside enlarging ion-transport channels.'%*1°¢
Achieving these improvements, however, requires precise and
homogeneous nanoscale distribution of additives, which is
made possible by advanced fabrication techniques such as
sol-gel, self-assembly,’®” and electrospinning”’ approaches
that surpass the capabilities of conventional casting techniques.

A second category of state-of-the-art Nafion-based compos-
ite membranes utilizes carbon-based nanomaterials, including
carbon nanotubes (CNTSs), graphene oxide (GO), and their sur-
face-modified derivatives due to their exceptional mechanical
strength, optical properties, and stability.'°® Alternatively, an
inert polymer can serve as a support for Nafion or vice versa to
provide reinforcement. This class of membranes can be devel-
oped through various strategies, including the addition of fillers
to enhance the Nafion properties, surface modification of Nafion
membranes, or replacing Nafion entirely with alternative mate-
rials. Fabrication methods such as solution casting, RIG, and
electrospinning have been explored for this purpose. While solu-
tion casting remains common, challenges such as incompatibil-
ity of components and inhomogeneity of the final membrane
structure have shifted recent attention toward radiation grafting
and electrospinning as promising alternatives. The following
sections provide an overview of the principles and equipment
and representative examples of membranes produced by these
advanced fabrication techniques.

PEMs by RIG

RIG is a versatile and energy-efficient method for producing
PEMs with tailored properties, allowing precise control over
polymer structure and functional group integration to optimize
conductivity and stability. Its scalability, compatibility with
diverse materials, and environmentally friendly process make it
a promising approach for high-performance fuel cell applica-
tions.®% 1997112 The current advancements in the development
of PEMs for PEMFCs by RIG reflect a meticulous exploration
of materials and fabrication strategies aimed at achieving supe-
rior performance across various aspects.''? These membranes
exhibit exceptional potential for fuel cell applications due to their
tunable properties.''? Researchers are concentrating on mate-
rials with high ionic conductivity, optimizing the grafting process
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to enhance ion transport within the membrane matrix.''® IEC of
these membranes is precisely controlled, significantly influ-
encing their ion-conducting capabilities and electrochemical ef-
ficiency."'* Further efforts have been devoted to enhancing the
durability of these membranes, ensuring their long-term stability
under fuel cell operating conditions."'* Mechanical properties
are optimized to endure mechanical stresses encountered dur-
ing operation, effectively preventing issues like cracking or
delamination. In addition, the electrochemical properties,
such as proton conductivity and water uptake, are finely
tuned through precise control over the grafting process param-
eters. Fuel cell performance is significantly enhanced by these
advancements, as radiation-induced grafted membranes
contribute to enhanced cell efficiency, increased power output,
and prolonged operational lifespan. Current research efforts
are focused on refining fabrication routes, optimizing material
compositions, and structural designs to fully harness the full po-
tential of these membranes and further advance the field of fuel
cell technology.'""

The advancements in PEMs for fuel cell applications highlight
the transformative potential of RIG. The studies given in Table 3
showcase diverse and innovative approaches to enhancing
membrane performance, stability, and durability across a range
of operating conditions.

Earlier studies highlighted the mechanical and oxidative limita-
tions of radiation-grafted FEP-based membranes for PEMFCs,
prompting efforts to enhance stability and performance by using
ETFE as the base polymer instead of FEP.88:89109.110.121 The
studies focus on the effects of crosslinking using divinylbenzene
(DVB) in styrene-grafted ETFE membranes (25 pm thick),
selected for their superior mechanical properties and resistance
to radiation-induced damage. Crosslinked membranes with
DVB-to-styrene ratios of 5:95 (v/v) demonstrated enhanced
oxidative stability, achieving single-cell fuel cell performance
comparable to Nafion 112 and a prolonged operational lifespan
of 2,185 h during initial testing.'®*"'* Another earlier study
adapted the concept of short grafted chains and long grafted
chains to radiation-grafted membranes, achieving a uniform
through-plane distribution for long grafted chain membranes
despite high radiation doses. Long grafted chain membranes
demonstrated superior swelling behavior and proton conductiv-
ity, increasing through-plane conductivity by over 35% at 30%
RH, making them ideal for stringent fuel cell applications. These
findings enhance our understanding of structure-property rela-
tionships and guide synthetic strategies for high-performance
membranes using electron-beam grafting.'*”

PEMs developed by grafting a trifluoro styrene derivative onto
pre-irradiated ETFE films, followed by hydrolysis emulsion graft-
ing (as developed by Alkan Gursel et al.), solution grafting, and
alcohol-based grafting methods were employed for this mono-
mer film system, and it was shown that the selected monomer
facilitated the formation of grafted polymer chains with fluori-
nated backbones and acid functionalities, enhancing the mem-
brane’s stability and performance in fuel cells.®® Another study
by Ben Youcef et al. explored a novel strategy to enhance the
intrinsic oxidative stability of uncrosslinked membranes by co-
grafting styrene with methacrylonitrile (MAN), which is character-
ized by its protected « position and strongly dipolar nitrile group,
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Table 3. Radiation-grafted PEMs: Preparation parameters and their properties (¢}
Base polymer/thickness/ Grafting monomer/ Degree of Conductivity Performance @
radiation dose (kGy) crosslinker grafting (%) IEC (mS-cm™") (mMW-cm~?)  Water uptake (%) Reference
ETFE film trifluorostyrene 104-229  1.29-2.15 meq-g~" 80-300 = 24.5-72.2 Grsel et al.®®
25 pm/300 derivatives
PVDR\1 styrene 15-35 - 10-70 250 at 60°C  10-60 Sadeghi et al.*
40 pm/50
ETFE\1 1-Vim, 4VP 6-60 - 50 237 at 110°C 10-60 Rajabalizadeh Mojarrad
25 um/100 et al.®®
Ultra-thin FEP film styrene 12.9-43.3  0.4-1.3 mmol-g~" 55.4-207.4 896 at 80°C  15.3-46.5 Lietal.”®
20-25 pm/10 to 50 at 80°C
ETFE film styrene/DVB 25-26 0.9-1.4 mmol-g~" uncrosslinked: 100 — uncrosslinked: 60 Ben Youcef et al.'"®
25 pm/100 crosslinked: 18 crosslinked: 20
ETFE film styrene, MAN 20-27 1.14-1.46 mmol-g~" 42-69 - 25-27 Ben Youcef et al.’"®
25 um/100
ETFE film 50 pm/20-100 4-Vinylpyridine-Tethered 40-70 5.7-5.9 mmol-(repeat unit) " 39 at 120°C - - Sithambaranathan et al.'"®
Activated Carbon (4-VP-
TAC)
PEEK\1 styrene 79-114 2.2-2.7 mmol-g~" 60-180 - 36-67 Hasegawa et al.""”
16 pm
PVDF AMS, MGN 43-63 1.23-1.54 mmol-g~" 64-89 - 54-65 Nemeth et al.’"®
12 ym/100
ETFE 4VP, 2VP, NVP 26-93 1.8-2.5 mmol-g~" 50-70 at 130°C 450 at 130°C - Sanlietal.'"?
25 pm
ETFE styrene 20-80 = up to 225 = 43 Farquet et al.’?®
25 pm/0.5-4 (irradiation
by hard X-rays)
The table summarizes IEC, proton conductivity, water uptake, and fuel cell performance under different operating conditions, highlighting the impact of grafting chemistry and processing pa-
rameters on membrane functionality.
@)
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significantly improves the oxidative resilience of styrene-grafted
ETFE membranes. The incorporation of MAN enhances the life-
span of ETFE-g-styrene/MAN membranes compared to styrene-
only membranes, with fuel cell tests showing performance com-
parable to Nafion 112 and only minor decline at high current
densities."'®

Li et al. devised a membrane featuring an ultra-thin FEP film
(20-25 pm) irradiated between 10 and 50 kGy, with PSSA grafting
ranging from 12.9% to 43.3%. This membrane exhibited
commendable proton conductivity (55.4-207.4 mS cm™ ' at
80°C) and a peak power density of 0.896 W-cm~2 at 80°C. Howev-
er, its less efficient mass transfer compared to Nafion 211 led to
higher resistance and reduced performance at high current den-
sities, indicating a need for further optimization.”° Sithambarana-
than et al. reported a novel series of fuel cell membranes created
by incorporating 4-VP and TAC as a crosslinker into ETFE films, fol-
lowed by doping with phosphoric acid (PA). These membranes ex-
hibited proton conductivity of 39 mS-cm~" and enhanced me-
chanical and thermal robustness. The inclusion of the TAC
crosslinker played a crucial role in determining the grafting degree
and overall membrane efficiency.’'® Hasegawa et al. employed
PEEK irradiated at 50 kGy, resulting in a 16 pm membrane with
PSSA graftings ranging from 79% to 114%. While the proton con-
ductivity ranged from 60 to 180 mS.cm~", specific peak power
density information was not provided, necessitating further perfor-
mance evaluations. Sadeghi et al. demonstrated the versatility of
radiation grafting through an innovative approach, presenting
PVDF-based membranes starting with PVDF powder (50 kGy,
40 pm) functionalized with PSSA grafts ranging from 15% to
35%. These membranes exhibited impressive proton conductivity
of 10-70 mS-cm~" and achieved a peak power density of 250
mW-cm~2 at 0.4 V and 650 mA-cm~2, highlighting their potential
for high-performance electrochemical applications.®> Gubler
et al. investigated fluorine-lean PEMs prepared via the post-sulfo-
nation of co-grafted a-methylstyrene (AMS) and 2-methylene glu-
taronitrile (MGN) monomers onto a pre-irradiated 12 um PVDF
base film."'® Their findings revealed that these PEMs not only
matched but exceeded the fuel cell performance of Nafion 211.
Furthermore, by doping the grafted membranes with Cu-porphyrin
as an antioxidant, they achieved enhanced durability under US
DOE-like testing conditions without compromising cell perfor-
mance. This antioxidant strategy represents a universal and effec-
tive method for mitigating radical-induced degradation across a
broad range of PEMs, offering significant advancements in mem-
brane stability and performance.’'?

Sanli et al. developed PEMs for high-temperature, low-humid-
ity fuel cell applications by grafting ETFE with various monomers,
resulting in high conductivity and mechanical strength. These
membranes, tested in PEMFCs, showed promising performance
as alternatives to Nafion. They expanded this approach using
ETFE with different monomers, achieving notable conductivity
and power density, further validating the potential of these mem-
branes in fuel cells."'®'?® Microstructured membranes were pre-
pared using an innovative approach that involved selectively
exposing ETFE films to hard X-rays through high-aspect-ratio
Ni masks, creating radical patterns for styrene grafting, which
were subsequently sulfonated to form proton-conducting mem-
branes. While structuring resulted in a 10% reduction in active
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area, leading to a slight decrease in fuel cell performance, it
notably enhanced the membrane’s lifespan without compro-
mising grafting efficiency or proton conductivity.'?%'%”

In summary, RIG has been demonstrated to be a highly effi-
cient and versatile technique for creating advanced PEMs with
enhanced stability, ion conductivity, and long-term durability
for use in fuel cell applications. Key advancements include the
transition from FEP- to ETFE-based membranes, crosslinking
with DVB, and co-grafting with MAN, enhancing oxidative resil-
ience and proton transport.®®10911%:112 Alternative monomers,
such as trifluorostyrene derivatives and PVDF, have demon-
strated promising conductivity and power density.?%'?° Addi-
tionally, structural innovations like hard X-ray microstructuring
and Cu-porphyrin doping have enhanced membrane lifespan
while maintaining high performance.’'?'?” These advancements
position radiation-grafted PEMs as a scalable and eco-friendly
alternative to Nafion, with ongoing research further optimizing
their potential for next-generation fuel cells.’ "%

PEMs for PEMFCs by electrospinning

Electrospinning has recently gained prominence as a versatile
and powerful technique for producing high-aspect-ratio fibrous
structures at both laboratory and industrial scales.’?®'?° This
method facilitates the fabrication of ultrafine fibers with custom-
izable morphologies and compositions, featuring diameters
ranging from nanometers to submicrons.'?®'?° The growing in-
terest over the past decades, particularly in energy-related appli-
cations, highlights its effectiveness as a fabrication technique. Its
simplicity, speed, versatility, scalability, and cost-effectiveness
make it a compelling choice, as evidenced by its widespread
adoption across various fields.'**'®" This includes the develop-
ment of a new generation of high-performance Nafion-based'*?
or non-Nafion composite/hybrid membrane materials for
PEMFC applications, designed to effectively address the limita-
tions of conventional Nafion membranes.”"'%°

Basically, a typical electrospinning setup consists of a high-
voltage power supply, a spinneret, a syringe pump, and a sta-
tionary or rotating conductive collector (Figure 5A). The process
involves (1) feeding a polymer solution into the spinneret using a
syringe pump, (2) applying a high voltage to charge the liquid
droplet at the spinneret tip, (3) generating a continuous jet of so-
lution toward the oppositely charged collector, and (4) forming
fibers as the liquid jet solidifies through rapid solvent evapora-
tion during elongation toward the collector.*®'?%'33 The charac-
teristics of produced fibers, such as size, orientation, and
morphology, can be precisely controlled through the adjustment
of various parameters.'>*'%° These parameters can be classified
into three main categories: (1) solution or material-related pa-
rameters, including concentration, rheological and electrical
properties of the solution, as well as distribution quality of various
constitutes (e.g., polymer molecular weight or solution conduc-
tivity); (2) process-related parameters, including factors such
as applied voltage, humidity, flow rate, needle specifications,
and collector properties (Figure 5B); and (3) environmental pa-
rameters, primarily consisting of the temperature and RH within
the electrospinning chamber. The scanning electron microscopy
(SEM) images of a single fiber are shown in Figure 5C, and a free-
standing electrospun mat and a compact hot-pressed electro-
spun membrane are shown in Figure 5D.
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Figure 5. Schematics, SEM images, and various types of electrospinning

(A) RIG and functionalization process for PEM fabrication.
(B) Schematic of a setup for dual-fiber electrospinning.
(C) Effect of process parameters of fiber characteristics.

(D) SEM micrographs of a single fiber, fibrous mat, and compact membrane after hot-pressing.

Adapted from Kirlioglu et al.'*®

The membrane fabrication for fuel cells through electrospin-
ning offers several notable advantages, significantly enhancing
its applicability in this domain, including the following.

(1) The ability to precisely tailor fiber morphology, size,
and orientation’®” and the fine-tuning of its overall
composition through multi-layer structure fabrication
facilitate the achievement of superior performance.’*®
The flexibility of the setup design has led to the develop-
ment of various electrospinning techniques, such as sin-
gle electrospinning, dual electrospinning, and electric
field-guided electrospinning, enabling precise tuning of
membrane properties. '

The ability to fabricate composite membranes
comprising mixed fibers from a wide range of otherwise

@

-~

©)

incompatible polymers through dual electrospinning—
utilizing multiple spinnerets and a common collector—
offers a capability that is challenging to achieve
with conventional membrane fabrication methods,
such as solution casting.”®*'*" Additionally, this
method enables the production of membranes with a
gradient structure by adjusting the flow rates of the
solutions.'®

These capabilities can be further enhanced by the homo-
geneous incorporation of functional nanomaterials to
enhance properties of electrospun membranes, either
as fillers within the fibrous polymer scaffolds or surface
decorations. This includes the integration of inorganic
nanoparticles to improve properties such as mechanical
strength and ionic conductivity.”"

E
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As a final preparation step, the obtained porous mats are typi-
cally transformed into compact structures through several
essential post-treatment processes performed for specific pur-
poses prior to characterization. An optimized hot-pressing pro-
cess,'® ionomer impregnation,’*> and thermal crosslinking'**
are some of the commonly employed strategies to achieve
objectives such as preventing gas crossover, reducing the acti-
vation energy for proton hopping by minimizing the distance be-
tween hopping sites, and enhancing mechanical strength and
dimensional stability.'**

Table 4 provides an overview of recent advancements in the
development of electrospun membranes for PEMFCs. In one
notable study, Soad et al. fabricated Aquivion-functionalized
polysulfone (PSUT) composite membranes by developing a rein-
forced scaffold using 4-heptyl-1,2,3-triazole-functionalized
PSUT through single electrospinning, subsequently embedding
it in an Aquivion ionomer matrix.'*® Their findings revealed that
these composite membranes exhibited superior dimensional
stability in water and enhanced mechanical strength compared
to both non-functionalized polysulfone (PSU)-reinforced mem-
branes and unmodified ionomer membranes, all while maintain-
ing high proton conductivity. Furthermore, the membranes
demonstrated a durability five times greater than that of pristine
Aquivion membranes, which the authors attributed to the forma-
tion of hydrogen bonds arising from acid-base interactions be-
tween the matrix and triazole moieties at the fiber-matrix
interface.

Additionally, Rajabalizadeh Mojarrad et al. utilized single elec-
trospinning to fabricate sulfonated silica/poly(vinylidene fluoride-
co-trifluoroethylene) (S-SiO»-P(VDF-TrFE)) hybrid membranes
with various ratios of S-SiO, to carrier polymer.'“° This study high-
lighted the benefits of integrating highly hydrophilic S-SiO, inor-
ganic nanoparticles (NPs), renowned for their exceptional water
retention capabilities, which contributed to consistent proton con-
ductivity. Meanwhile, the robust, highly hydrophobic P(VDF-TrFE)
fibrous network, serving as both the carrier and reinforcing poly-
mer, ensured the mechanical stability of the membrane. They re-
ported that the membrane containing 70% S-SiO, achieved a su-
perior proton conductivity of 102 mS-cm™" at 70°C and 100% RH,
surpassing that of the solution-cast Nafion membrane, which
showed a conductivity of only 95 mS.cm~". Xiong et al. synthe-
sized electrospun SPEEK/IL@HNT composite membranes by
embedding ionic liquid (IL)-encapsulated halloysite nanotubes
(HNTs) within a fully hydrocarbon-based SPEEK matrix using
the same method.'*” They reported that the ordered structure of
these membranes not only significantly improved their conductiv-
ity across a wide range of humidity conditions but also enhanced
their mechanical and thermal properties. The through-plane pro-
ton conductivity of the SPEEK/6IL@HNT membrane was reported
to be 139.2 mS-cm ™' at 90°C and 98% RH, significantly surpass-
ing that of pristine SPEEK membranes under the same conditions.
Additionally, the maximum power density achieved was
732 mW-cm ™2, approximately two orders of magnitude greater
than that of Nafion 115.

One of the most effective strategies to overcome the limita-
tions of PFSA-based membranes is reinforcing them with
PTFE. Hwang et al. utilized an electric-field-guided electrospin-
ning technique to develop a unique micron-scale, grid-type
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PTFE scaffold.'®* This scaffold was subsequently impregnated
with a Nafion ionomer, providing proton conductivity along the
precisely cross-aligned PTFE channels. This approach effec-
tively addresses the challenges posed by the immiscibility of
these two components. The resulting design significantly im-
proves membrane hydration, promotes efficient proton diffusion,
and causes minimal swelling. This leads to remarkable single-
cell performance, achieving a maximum power density of
0.85 W-cm™—2, which surpasses that of Gore-Select membranes.
Furthermore, it demonstrates minimal hydrogen crossover (less
than 5 mA.-cm™2 at 0.4 V), far exceeding the durability standards
required for transportation applications.

In addition to single electrospinning, it is also beneficial to
explore examples of dual electrospinning, which is frequently uti-
lized to create structures unattainable with previous methods,
such as blends of multiple non-compatible polymers. Santos
et al., pioneers in the use of electrospinning for the preparation
of composite membranes for fuel cells, '“® fabricated multilayered
PFSA/polyamide-imide (PAl) composite PEMs in one study.'*®
These membranes feature both uniform and gradient inner struc-
tures along the thickness direction. This was achieved by adjust-
ing the flow rates of solutions to obtain varying PFSA-to-PAI
ratios. The impact of these architectural designs on the mem-
branes’ final properties was evaluated. They claimed that their
20-pm-thick tri-layer sample, featuring surface layers comprising
95 wt % PFSA and a uniform mixed inner layer of PFSA-PAI,
was the best-performing sample, with an ionic conductivity of
89 mS-:m, 5% water swelling, tensile strength of 26 MPa, and
fuel cell performance comparable to that of Nafion 211.

Rajabalizadeh Mojarrad et al. also employed a combination of
dual-electrospinning and sol-gel methods in a single-step process
to create well-organized, homogeneous, composite mem-
branes.'*® These membranes comprise Nafion ionomer, reinforc-
ing PVDF or P(VDF-TrFE) fibers, and an S-SiO, network created
from silica 3-(trihydroxysilyl)-1-propanesulfonic acid and tet-
raethyl orthosilicate (TEOS). After hot-pressing, the highly
conductive S-SiO, network and the reinforcing fibers were seam-
lessly integrated into a pore-free Nafion matrix. They claimed that
the P(VDF-TrFE)-based membrane with 60% Nafion (TN60) ex-
hibited a conductivity of 132 mS-cm~" at 80°C and a maximum
power density of 344 mW-cm~2 at 60% RH, outperforming the
PVDF-containing membrane in terms of both conductivity and
maximum power density. Moreover, the TN60 membrane demon-
strated an enhanced trend in fuel cell performance with
decreasing RH, positioning it as a candidate well suited for oper-
ations under lower humidity conditions. Santos et al. used a
similar approach to fabricate PFSA/S-SiO,/PVDF membranes. '
In this work, they incorporated a non-soluble S-SiO, network
either into PFSA or PVDF fibers by addition of TEOS as the silica
precursor in one of these solutions and electrospun the solutions
concurrently onto a common drum to compare the effect of fiber
interaction with an inorganic network as well as the matrix type on
final properties of these membranes. They claim that the mem-
branes with S-SiO, on PFSA fibers showed controlled water
swelling and high proton conductivity.'%%"4°

In summary, the growing interest in electrospinning is driven
by its potential to develop high-performance, nanoscale, ion-
conducting composite membranes through this powerful, fast,
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and tunable technique.'*° This method not only enables the for-
mation of high-aspect-ratio surface nanostructures but also
allows for the blending of compatible and non-compatible poly-
mers or simply the incorporation of NPs with tailored properties.
Numerous studies in this field consistently demonstrate the su-
perior performance of electrospun membranes compared to
their bulk counterparts with the same composition. Notable de-
velopments include enhancing dimensional stability and me-
chanical strength by creating robust fibrous scaffolds,'*°
improving ion conductivity and water retention properties
through the incorporation of well-dispersed hydrophilic or inor-
ganic compounds, and enabling anisotropic properties in the
desired direction, which are not possible with conventional
methods.'**'%® Given the aforementioned advantages of these
techniques and the enhanced properties of electrospun mem-
branes, electrospinning emerges as a promising fabrication
method for commercial PEMFCs.

Reliability and testing

Membrane characterization techniques are crucial for evaluating
their inherent characteristics as well as their performance in fuel
cells.”'® These techniques can be categorized into three main
groups: material-related, functionality-related, and durability
tests. The first category evaluates the chemical, physical, ther-
mal, and mechanical properties of the membrane. The second
one mostly focuses on transport properties of the bare mem-
brane as the most critical feature and collectively offers insights
into the membrane’s operational performance in the fuel cell
environment. Some of the most significant examples in this cate-
gory are as follows. lonic conductivity (c) refers to a membrane’s
ability to transport ions under applied electric fields—a critical
parameter for assessing its performance in electrochemical ap-
plications. In a PEM, conduction of protons takes place through
two primary mechanisms: the Grotthuss (or hopping) mecha-
nism, which is dominant under low-humidity conditions, and
the vehicle mechanism, which is more predominant under
high-humidity conditions.*>'*° In the Grotthuss mechanism,
proton transportation occurs via the continuous formation of hy-
dronium ions (H3zO*) at hydrated sulfonate groups, followed by
their sequential hopping to neighboring sulfonate groups. In
contrast, the vehicle mechanism relies on the electro-osmotic
flow of hydrated ions such as H3;0", H50,", and HgO,4* through
interconnected nanoscale water clusters, transporting protons
along with water molecules from proton-rich to proton-deficient
regions. This parameter is determined by measuring the mem-
brane’s resistance using either the two-probe or four-probe
electrochemical impedance spectroscopy (EIS) method. The
test can be performed in either in-plane or through-plane direc-
tions across a broad range of temperatures and relative humid-
ities, allowing for the investigation of how these conditions affect
the membrane’s conductivity. " IEC is another key property of a
membrane, indicating the number of active functional sites (e.g.,
sulfonic acid groups) per unit weight of the dry membrane. IEC
directly influences crucial performance parameters such as ion
conductivity and water uptake. A commonly used method for
determining IEC is the acid-base titration method, which involves
immersing the membrane in a salt solution to release all protons
from the functional groups, followed by titration of the resulting
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solution with a strong base.'? Both conductivity mechanisms
are closely linked to the number of acidic groups capable of
dissociating to release freely moving protons as well as the suf-
ficient availability of water in the medium to support proton trans-
port. Water uptake is measured as another critical characteristic
of the membrane. Water uptake is calculated by comparing the
weight of the wet membrane to that of the dry membrane and
is expressed as the percentage increase in weight relative to
the dry state.'®®

Chemical stability and thermal and mechanical properties of
membranes are also significant for fuel cell performance and
durability. The melting behavior and crystallinity of the PEMs
were analyzed using differential scanning calorimetry, while
their thermal stability and degradation characteristics were
evaluated through thermogravimetric analysis.'** The drying
process during MEA preparation, which affects membrane wa-
ter content, was found to be critical. Previously, Brack et al.
examined how drying impacts the hydrophilicity, wettability,
and surface energies of fuel cell membranes by means of con-
tact angle measurements, and conclusions were drawn on the
relationship between drying-induced changes and membrane
bonding performance.’*®

In addition to the aforementioned methods, advanced oper-
ando imaging techniques, such as neutron imaging, are used
to monitor the water profile across the membrane. This provides
valuable insights into the effects of various conditions, such as
applied temperature and pressure, on water distribution within
the membrane in an operating fuel cell.”

ELECTROCATALYSTS

The HOR and ORR are the main electrochemical reactions that
occur in PEMFCs. It is surely beyond doubt that the need for
enhanced ORR kinetics and reduction or elimination of Pt used
within electrodes are inevitable for mass production of vehicles
utilizing PEMFCs."*® The two main reactions taking place at
the anode and cathode side are as follows.

The HOR

H, 2 2H" + 2e7, has been widely researched on Pt surfaces. Ac-
cording to the Tafel-Heyrovsky-Volmer mechanism, the HOR on
Pt surfaces involves three key elementary reaction steps.'*’

(1) Tafel reaction: H, dissociates directly into two adsorbed
hydrogen atoms on the Pt surface:

H2 2 Had + Had-

(2) Heyrovsky reaction: one adsorbed hydrogen atom reacts
with a proton from the electrolyte and an electron from the
electrode to form a hydrogen molecule:

Hag + H +e” 2 H,.

(3) Volmer reaction: an adsorbed hydrogen atom on the Pt
surface is oxidized, releasing a proton into the solution
and transferring an electron to the electrode:
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Had 2 H" +e".

The ORR
Due to the complex kinetics and the formation of various inter-
mediates throughout the process, understanding the intrinsic
ORR mechanism at the atomic or molecular level poses a signif-
icant challenge, particularly in the design of Pt-based electroca-
talysts. It is widely accepted that a complete four-electron trans-
fer (4e”) mechanism is favorable for the ORR. In contrast, the
two-electron pathway is undesirable because it results in the for-
mation of hydrogen peroxide (H>O,), which can degrade the Na-
fion membrane, causing damage to fuel cells.'*®

Theoretical studies suggest that the four-electron pathway is
more likely to occur on the Pt (111) crystal facet, especially under
oxygen-rich conditions. Therefore, the elemental steps of the
ORR are typically described as follows (* indicates an active
site of the catalyst):'*°
4 e~ pathway:

0, +4(H +e) > 2H,0E = 1.23Vvs. RHE, 0]
1/20,+2H +e) > xO+2(H" +e7) > xOH
+(H +e7)—>H,O (ii)

O +4H +e) > xOOH+3(H" +e7) —»
0 +2(H +e) > «xOH+ (H +e7) = 2H,0 (i)

2 e” pathway:
O, +2(H +e7) > HO, E = 0.70V, (iv)

O, +2(H" +e) > xO0OH + (H" + e7) - H,0, (v)

This 4 e~ pathway avoids the production of harmful peroxide
formation and is crucial for efficient PEMFC performance.

Electrocatalyst properties

As mentioned previously, commercial electrocatalysts for
PEMFCs are generally Pt based. Table 5 presents a comparison
of the electrocatalytic performance of representative commercial
Pt/C electrocatalysts. The reported performances reveal notable
differences in electrochemical surface area (ECSA), mass activity
(MA), and durability. However, direct comparisons are challenging
due to variations in testing protocols across different studies.
ECSA values vary between 46 and 120 m2.ge; !, and MA values
range from 0.05 to 1.05 A-mgp; ' across the different electrocata-
lysts. Among selected studies, HISPEC 3000'°° (20 wt % Pt,
Vulcan XC72, Johnson Matthey) stands out, with a notable
ECSA of 83.72 m2-gp, ", while TEC10E50E '®" (46.3 wt % Pt, Ket-
jen Black EC300J, Tanaka Kikinzoku Kogyo [TKK]) follows closely
with a similar value of 79.7 m?.gp; . Durability trends vary due to
different AST/accelerated degradation test (ADT) conditions,
with TEC10E40E'®" (40 wt % Pt, high-surface-area carbon, TKK)
retaining 70% of its initial ECSA after 25,000 cycles, whereas
TEC10V20E'®? (20 wt % Pt, Vulcan XC72) experiences a severe
78.4% loss after 5,000 cycles. The data provided by the company
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Table 5. Summary of the electrocatalytic performance of representative commercial Pt/C electrocatalysts ®
Product Company Pt content (wt %) Carbon support ECSA (m*gp: ) MA (A-gPt ~") Durability Reference
HiSPEC 3000 Pt/C JM 20 Vulcan XC72 83.72 49 41.6% ECSA loss after 50,000 accelerated  Alipour Moghadam
stress test (AST) cycles Esfahani and Easton'®°
HISPEC 4000 Pt/C 40 Vulcan XC72 53.47 340 - Moriau et al."”"
TEC10V20E Pt/C Tanaka 20 Vulcan XC72 56 234 78.4% ECSA loss after 5,000 AST cycles Qiao et al.’”?
TEC10V30E Pt/C Precious 30 Vulcan XC72 57.4 ~1050 56% ECSA loss after 15,000 cycles Yoshii et al."”®
TEC10E40E pyc ~ Metals, TKK 4 high-surface- 57.2 1530 30% ECSA loss after 25,000 cycles Chen et al.'®
area carbon
TEC10E50E Pt/C 46.3 KB EC300J 79.7 480 - Moriau et al."”"
TEC10E60TPM Pt/C 60 high-surface- 46.24 320 + 10 - Du et al."®"
area carbon
ENYrgy-20 ENY-Mobility 20+0.2a high-purity carbon 120 + 12 a 250+ 13 a at least 85% after 5,000 AST cycles® ENY-Mobility '
ENYrgy-30 30+0.2a high-purity carbon 98 +9 a 208+ 10a at least 85% after 5,000 AST cycles® ENY-Mobility '
ENYrgy-40 40+0.2a high-purity carbon 88 +9 a 186 +9a at least 85% after 5,000 AST cycles® ENY-Mobility'®*
ENYrgy-60 60+0.5a high-purity carbon 64 +6a 136 +9a at least 80% after 5,000 AST cycles® ENY-Mobility'®®
20% Pt/C E-TEK 20 Vulcan XC72 65 110 - Gasteiger et al.’®*
40% Pt/C 40 Vulcan XC72 69 100 24% ECSA loss after 10,000 ADT cycles Kong et al.’"
20% Pt/C Fuel Cell Store 20 Vulcan XC72 = 120 19% MA loss after 30,000 ADT cycles Garsany et al.'®®
Elyst Pt50 0550 Pt/C  Umicore 50 KB EC300J 56.76 240 - Moriau et al.’”"
Data highlight the trade-offs between activity, stability, and Pt content across commercial products from various suppliers.
2Values are derived from company datasheets retrieved from https://eny-mobility.de/assets/files/tds-enyrgy.pdf on June 2, 2025.
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on the ENYrgy'®® (ENY-mobility) Pt/C products appears prom-
ising; however, further research is needed to evaluate their perfor-
mance under real fuel cell operating conditions. The variations
observed in electrocatalytic performance highlight the impact of
Pt loading and the type of carbon support while also emphasizing
the need for standardized preparation and testing methods to facil-
itate more accurate performance comparisons among different Pt/
C electrocatalysts. 64165170

PGM-based electrocatalysts

PGM-based electrocatalysts, particularly Pt-based ones, are
critically important for the efficiency and performance of
PEMFCs."”® Pt has a unique catalytic activity toward the slug-
gishness of the ORR, which is a fundamental step in the electro-
chemical process responsible for generating power in PEMFCs.
Therefore, PGM-based electrocatalysts are essential especially
at the cathode, where they facilitate the ORR."”® By reducing
overpotentials and maximizing cell voltage, these electrocata-
lysts enable the system to achieve high power density and effi-
ciency in PEMFCs.

Due to the emphasis of its high cost and low abundance, the
mitigation of Pt has been a focal point for researchers working
in this field for a long time. As the Pt NPs are small, typically
just a few nanometers, they are usually deposited on support
materials to enhance their dispersion. In addition to acting as a
substrate material for Pt, these supports are influencing the cat-
alytic performance and stability of Pt-based electrocatalysts
through metal-support interactions.'”” Carbon materials are
highly effective in dispersing Pt NPs and are favored as most
commonly utilized supports for Pt-based electrocatalysts due
to their large surface area, optimal porosity, excellent electrical
conductivity, chemical stability, and low cost.'”®"'%° The prepa-
ration of Pt/C electrocatalysts for the cathode of PEMFCs in-
volves a facile process focused on enhancing electrocatalytic
activity and durability. The methodology relies on the integra-
tion/impregnation/deposition of Pt NPs onto various carbon ma-
terials, serving as supports.'®"'®? The commonly used carbon
materials are carbon black (CB), CNTs, and graphene. The
choice of carbon support material is a critical factor influencing
the dispersion and stability of Pt NPs, thereby impacting the
overall performance of the catalyst. In the typical synthesis pro-
cedure, the process initiates with the dispersion of selected pre-
cursor compounds containing Pt onto the specifically high-sur-
face-area carbon support, followed by reduction methods
such as chemical reduction or heat treatment.'®® This meticu-
lous approach results in Pt-based electrocatalysts characterized
by a considerably increased surface area and improved electro-
chemical properties. Research on Pt-based electrocatalysts has
been focused on optimizing the key parameters, including Pt
loading, particle size, distribution on the carbon support,
enhancing the durability, and optimum balance between cost,
activity, and stability. These efforts play a critical role in
advancing the efficiency and life cycle of PEMFCs. "%

Despite corrosion, CB remains the most prevalent catalyst
support for Pt and is frequently utilized as a solution to address
the restacking issue of 2D layered carbon materials, including
graphene, GO, reduced GO (rGO), and CNTs.'®>7"8% |n our
earlier studies, Pt NPs, decorated on various graphene-based
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supports, including GO, thermally reduced GO, and graphene
nanoplatelets (GNPs) by different impregnation-reduction
methods deposition, were employed as the catalyst for fuel
cell reactions, and the best Pt dispersion and electrocatalytic
activity were achieved with GO as support and ethylene glycol
reflux as the main impregnation-reduction route."'®%'°° More-
over, our group utilized photocatalytic deposition, providing a
scalable method for a controlled deposition of Pt NPs on
rGO,"?""'%% and electrophoretic deposition'®* as the novel ap-
proaches for the development of Pt/GO-based electrocata-
lysts.'®> As an alternative method for the deposition of Pt NPs
on GO and GNPs, a supercritical carbon dioxide deposition
technique was employed successfully as well.'®® Our subse-
quent studies proved that GO and CB hybrid supports per-
formed better compared to GO in terms of electrocatalytic ac-
tivity and fuel cell performance.’®” %"

Arici et al. have employed a hybrid support comprising CB and
GNPs for the impregnation of Pt NPs with a diameter of ~2 nm,
thereby obtaining Pt/CB-GNP electrocatalysts with a homoge-
neous distribution. By leveraging the synergistic effect of CB
and GNPs and preventing the restacking of GNPs, an ECSA of
55 m2.gey ' and a maximum power density of 377 mW-cm ™2
were achieved.””” In another study, Pt-based electrocatalysts
were synthesized via a straightforward microwave-assisted
method, with utilization of CB and GO hybrid carbon supports.
A maximum power density of 1,091 mW-cm~2 was achieved
with a Pt loading of 0.4 mg-cm2.2%° Tang et al. developed a
cost-effective methodology for fabricating a 3D hierarchical ma-
terial by combining rGO with poly(diallyldimethylammonium-
chloride) functionalized CB (FCB) as a support matrix for
anchoring Pt NPs, resulting in Pt/rGO-FCB electrocatalysts.
The approach involved embedding the FCB between rGO
sheets, forming a 3D hierarchical porous rGO/FCB architecture
with well-dispersed ultrafine Pt NPs. The electrodes have been
demonstrated to exhibit a power density that is 1.25 times
greater than that of the conventional Pt/C electrodes, which
have a power density of 1,344 mW-cm~2, with a maximum
mass-specific power density of 7.5 W-mgp; .29

Significant efforts have been undertaken to improve the effi-
ciency of electrocatalyst production processes, particularly for
large-scale industrial applications. Zhang et al. explored the
mass production of high-activity and durable Pt/C catalysts us-
ing continuous microwave pipeline (CMP) technology alongside
conventional methods like chloroplatinic acid reduction with
ethylene glycol.?®* Their approach successfully mass produced
50 wt % Pt/C catalysts, achieving a remarkable power density of
1.4 W.cm~2 and 0.286 gp-kW .

As displayed in Figure 6, Ott et al. introduced a novel Pt NP/
N-modified carbon Ketjen black (KB) catalyst configuration
that markedly diminishes local oxygen-related mass transport
resistance.”®® The use of chemically modified carbon supports
with tailored porosity enables the targeted deposition of Pt
NPs on both the outer and inner surfaces of the support particles,
thereby boosting the performance of the catalyst. In accordance
with the most up-to-date standards for automotive single fuel
cell testing, the Pt/N-KB 600°C cathode catalyst demonstrated
excellent stability during voltage cycling, outperforming the
state-of-the-art reference electrodes. The proposed innovative
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Figure 6. Effect of N modification on ion-
omer distribution and performance in fuel
'i- cells

< (A) Pt loading normalized performance curve of
1.4 cm? MEAs.

(B) Ha-air fuel cell polarization plots of 1.4 cm?
MEAs.

(C) Comparison of 43.56 cm? MEA polarization
curve under stoichiometric flow of 1.5 H,/2 air at
60°C and p, = pc = 200 kPay,s and 50% RH of
N-KB 600°C (red) versus Pt/KB (black). Solid lines
represent high-frequency resistance (HFR)-cor-
rected polarization curves, while dashed ones only
include the correction for BP and the contact
resistance.

(D) ORR MA at 0.9 V and local O, transport resis-
tance (Rpyionomer) achieved by 1.4 cm? cells as a
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bon-based catalysts from the literature are
included. Conditions are set as follows: cathode,
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outlet pressure of anode and cathode, respectively,
Pa = Pc = 230 kPa,,s under constant differential
flow Hy/Air (or O,) = 1,000/2,000 normal cubic
centimeters (nccm) and the anode and cathode,
respectively, RH, = RH, = 100% at 80°C.

(E) Schematic of the Rinugsen fOr oxygen transport
within the catalytic layer (CL) for badly distributed
ionomer layers (left) and good ionomer distribution
over the entire catalyst (right).
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the most important application examples
is the use of PtCo in the commercial
Toyota Mirai vehicle. The Mirai PtCo alloy
has demonstrated lower activation resis-
tance with respect to the previous 2008
FCV models.”* In the recently launched
Toyota Mirai, it has further enhanced the
performance of PtCo alloy catalyst by

CL (cathodo)

approach involved doping N atoms into the carbon matrix
through ammonolysis under a constant flow of pure NH3 at vary-
ing temperatures, followed by platinizing the N-KB using a polyol
method. This approach successfully reduced voltage losses by
up to 45 mV at 2 A-cm~2 for Pt/N-KB electrocatalysts. Addition-
ally, unmodified Pt-based (Pt/KB) electrocatalysts achieved re-
cord power densities of up to 1.39 W-cm ™2, attributed to the effi-
cient Pt utilization of 0.075 gei-kW ™" on the cathode side.

Pt-M alloy electrocatalysts

To reduce the cost of the electrocatalysts and enhance their per-
formance in the fuel cells, the partial substitution of PGMs with
non-noble transition metals (e.g., Fe, Co, Ni, Mo, and Cu) has
been the subject of numerous recent studies,’°°>°¢ and one of

CL (cathodo)

coating them with an IL to decrease the
diffusion resistance of the ionomer and
simultaneously slowing the rate of Co
dissolution in them.”'® Other recent 3d
transition metals (TMs) block substitution for PGM metals
studies have focused on the synthesis and electrochemical char-
acterization of PtTi- and PtMn-based alloys®'"*'? and on coating
PtCo- and PtFe-based alloys on the surface of frameworks such
as Fe-N,-enriched nanocubes (Fe-N-C) and zeolite-derived sup-
ports.?'>?'* The main challenges regarding the partial substitu-
tion of Pt are (1) maintaining the stability of M in the Pt-M alloy un-
der highly acidic conditions and (2) the growth of the catalyst
particle size and subsequent decrease of the ECSA. To address
the former issue, Li et al. have demonstrated an efficient core-
shell structure with 2-3 atomic layers of Pt shell (Figure 7A).%°”
The latter issue has been alleviated through methods such as ni-
trogen doping of the catalyst support.?’®> Moreover, using the
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Figure 7. Selected state-of-the-art Pt-M alloy electrocatalysts

(A) Hard-magnet core/shell L10-CoPt/Pt NPs with 2-3 atomic layers of Pt shell.

(B) The corresponding polarization curves under 20% and 100% relative humidity (RH) at the beginning and end of life (BOL and EOL, respectively).

(C) Surpassing the US DOE’s BOL and EOL target mass activity criteria. Adapted with permission from Elsevier.

207

(D) The dealloying of Pt,Ni, alloys shows higher dealloying as the Pt is decreased. Adapted with permission from Springer Nature.?"”
(E) The dealloying-realloying (self-healing) of electrocatalysts is observed for the case of Pd-containing Pty,oPd»oCueo alloys. Adapted with permission from

Springer Nature.**®

synergistic effect of GNPs in hybrid structures has been shown
to address instability and activity issues of Pt-M catalysts.??"+?'®
The dealloying studies of Pt-Ni alloy-type electrocatalyst NPs by
Cui et al. (Figure 7B) have confirmed that the loss in ORR activity
is due to the surface adsorption of oxygen.?'” To address the
dealloying, Wu et al. introduced palladium (Pd) as a component
and made a Pt,oPd,>oCug/C catalyst that demonstrated a deal-
loying/realloying (self-healing) behavior (Figure 7C).

To the best of our knowledge, in the studies related to the Pt-M
based ORR electrocatalysts, the common practice is to perform
the rotating disc electrode (ex situ) tests first to assure the proof
of concept and screen non-active devised materials.”'" This is
the reason why the performance data from MEA or in situ tests
are available less frequently. Moreover, even in some studies
where in situ tests are performed, the maximum power densities
are not reported. Considering the aforementioned circum-
stances, what proceeds is a comparison between different
Pt-M alloy-based electrocatalysts only based on the ex situ
test results (reported in Table 6). Among the explored studies
in this review, the highest E, is attributed to hard magnet L1q-
CoPt alloy NPs that demonstrate E4,» of 0.967 V vs. reversible
hydrogen electrode (RHE) and an MA of 2.25 A-mge; '.2°” The
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tungsten-doped L1,-PtCo shows a performance on par with
the hard magnet non-doped counterpart (E{,» of 0.953 V vs.
RHE and an MA of 2.25 A-mgp, ).%'®

Although the focus of most of the studies has been to substi-
tute 3d TMs such as Co, Fe, Ni, and Mn for PGM
metals,?'>2'%?17 there also have been studies on less frequent
substitutions, such as Ti and La.?'""?>* There are also studies
of Pt-M catalysts that are in ultrathin-walled nanotube form,
such as the catalyst developed by Liu et al.?*® The current
state-of-the-art Pt-M alloy ORR electrocatalysts are reviewed
in more detailed reviews, like the one by Zhou et al. for Pt and
Fe-group transition metals (Fe, Co, Ni),?*® the review by Pan
et al. focusing on shape-controlled dealloyed Pt alloy nanocata-
lysts,?” the review by Sun et al. discussing the low-PGM electro-
catalysts and TPB design,'”” and the review by Lim et al. on the
role of transition metals in the Pt alloy catalysts of the ORR.**®

PGM-free electrocatalysts

The high price of PGM-based electrocatalysts led researchers to
develop an alternative solution.?*2*" PGM-free electrocatalysts
were proposed as a result of this research. In terms of current
density, PGM-free M-N-C electrocatalysts can deliver >30
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Table 6. Comparison of the electrochemical performance of representative PGM-based and Pt-M alloy-based electrocatalysts for PEMFC applications

ex situ in situ
Half-wave Pt loading (mg/cm?) Maximum power
Preparation potential for ORR density Single-cell test

Catalyst method ECSA (m?.g~") MA (MA-mgp; ') catalyst Eq,, (V) Cathode Anode (mMW-cm—2) conditions Reference

Pt/rGO Pt/rGO by 138 - - 0.25 0.25 320 temperature: Sanli et al.'®®
ethylene glycol 60°C; H, (anode)/
reflux O, (cathode); flow

rate: at
stoichiometric
ratios of 1.5/2 for
Ho/O,

Pt/rGO-CB microwave- 65 147 @0.8 V 0.797 0.4 0.4 1091 temperature: Yarar Kaplan
assisted 80°C; H, (anode)/ et al.*®®
synthesis of Pt O, (cathode); flow
NPs on CB-rGO rate: 0.5 L-min~"
hybrid support (anode)/0.5

L-min~" (cathode)

Pt/CB-GNP direct 55 120 @0.8 V - 0.5 0.5 377 temperature: Arici et al.>%?
impregnation of 80°C; Hy (anode)/
Pt(dba)s O, (cathode); flow
complexes on the rate: 0.5 L-min~"
carbonaceous (anode)/0.5
support and L-min~" (cathode)
reducing it under
H, at room
temperature

Pt/rGO-FCB self-assembly 62.1 249 @0.9 V 0.89 0.18 0.3 1344 temperature: Tang et al.”%®
and solvothermal 65°C; H, (anode)/
reaction O, (cathode)

Pt/CB CMP for mass 71.9 137 @0.9 V 0.92 0.3 0.1 1400 temperature: Zhang et al.”%
production of Pt/ 70°C; H, (anode)/

C catalysts air (cathode); flow
rate: at
stoichiometric
ratios of 1.5/2.5
for Hy/air

Pt/N-KB deposition of Pt 83 350 @0.9 V ~0.9 0.105 0.15 1390 temperature: Ott et al.?%®
NPs on the outer 80°C; H, (anode)
and inner surface 0./N, (cathode);
of the chemically flow rate:

modified carbon
supports

H5:1,000 nccm
0,/N,. 2000 nccm

(Continued on next page)
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Table 6. Continued

ex situ in situ
Half-wave Pt loading (mg/cm?) Maximum power
Preparation potential for ORR density Single-cell test

Catalyst method ECSA (m?.g7") MA (mA-mgp;~")  catalyst Eq., (V) Cathode Anode (mMW-cm™2) conditions Reference

Pt/CNF-CB microwave- 108.2 272 @0.8 V 0.8 0.4 0.4 907 temperature: Yarar Kaplan
assisted 80°C; H, (anode)/ et al.*™®
reduction of Pt O, (cathode); flow
NPs on CNF-CB rate: 0.5 L-min~"
hybrid support (anode)/0.5

L-min~" (cathode)

Pt/rGO-VC surfactant- 87 149 @0.8 V 0.81 0.35 0.35 857 temperature: Sevim Yilmaz
mediated 80°C; H, (anode)/ et al.?*°
chemical O, (cathode); flow
reduction route to rate: 0.5 L-min~"
obtain self- (anode)/0.5
assembled Pt/ L-min~" (cathode)
rGO-VC

Pt/KByw incipient wetness 70 + 2 336+7@0.9V - 0.064 0.1 - temperature: Harzer et al.*’
impregnation 80°C; H, (anode)/

O, (cathode); flow
rate: Ho/O,
(2,000/5,000
nccm)

CTAB-assisted Pt microwave- 94.0 72@0.9V 0.87 0.4 0.2 1142 temperature: Shen et al.**
assisted polyol 80°C; H, (anode)/
process O, (cathode); flow

rate: both 0.2
L/min

Pt-aniline encapsulation of 178 +13 116.7@0.9V 0.91 0.1 0.025 ~610 temperature: Karuppanan

complex-coated Pt catalystina 80°C; H, (anode)/ et al.**®

C nanofibers thin, uniform air (cathode); flow
N-containing rate: Hop/air (150/
carbon layer 800 sccm)
supported on a
carbon nanofiber

PtPdCu NPs wet chemical ~60.7 m?.gpy 1,660 ~0.92 - - - - Wu et al.?*®
synthesis pd !

Tungsten-doped  wet chemical 63.1 2250 0.953 0.02 0.02 = temperature: Liang et al.”'®

L1,-PtCo synthesis 80°C; H, (anode)/

O, (cathode);

back pressure:
both 150 kPagps

(Continued on next page)
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mA-cm~2, lower than the US DOE target, which is 44 mA-cm™2,
but close to the commercial Pt/C electrocatalyst; therefore,
M-N-C electrocatalysts need to be improved more in terms of
performance before they can be offered commercially.”** The
main types of non-PGM catalysts include (1) core-shell catalysts,
(2) metal (oxy) nitrides, and (3) heteroatom-doped carbon.
Among these, nitrogen-coordinated TM embedded in a carbon
matrix (i.e., M-N-C electrocatalysts) is the most popular. These
electrocatalysts in general comprise >90% disordered carbon,
small amounts of TM, and small amounts of nitrogen.**

The main problem facing applications of M-N-C electrocata-
lysts is instability. These electrocatalysts degrade by 40%-
80% after 100 h of continuous operation.”*” They suffer from
Fenton reactions, which occur due to H,O, formation, and
consequent carbon corrosion and demetallation, leading to
faster carbon degradation and a significant amount of perfor-
mance loss. They also have thicker CLs than PGM-based elec-
trocatalysts, meaning more carbon content, worse mass trans-
fer, and less stability.

Different TMs can be used for manufacturing M-N-C electroca-
talysts. The most common TMs, with their electrochemical activity
order from high to low, are Fe, Co, Mn, Cu, and Ni.?*° Even though
Fe is the most electrochemically active among them, it has more
of a tendency to participate in Fenton reactions than the others,
making it more vulnerable to long-lasting durability tests.?*°

The type of carbon sources used for Fe-N-C electrocatalysts
that are studied in the literature involve different synthesis routes
and lead to different results (Table 7; Figure 8). There are three
main approaches to synthesize Fe-N-C electrocatalysts. The
first approach, which produced the earliest examples of Fe-N-
C electrocatalysts that yielded moderate performance, is to
dope iron and nitrogen to a polymer-based carbon source.
One of the earliest studies included an FeN4-doped porphyrin-
based electrocatalyst made by Wuan et al.>*%; subsequent tests
resulted in 0.73 V of half-wave potential, 730 mW-.cm2
maximum power density, and 10 h of continuous operation. Pol-
yaniline (PANI)-based Fe-N-C electrocatalysts are also exten-
sively studied, delivering better performance than the previously
discussed porphyrin-based one. Fu et al.”** synthesized a PANI-
coated Fe-N-C electrocatalyst with porous graphene-like frame-
works, resulting in 0.80 V of half-wave potential and 1,060
mW-cm~2 maximum power density. Zhang et al.”*® created a
Fe- and N-doped dual-pyridine coordinated polymer and then
pyrolyzed the mixture, resulting in an electrocatalyst that yielded
0.81 V of high half-wave potential but a lower maximum power
density of 650 mW-cm™2.

In addition to polymers, other carbon-based materials such as
carbon nanotubes (CNTs) and graphene can serve as carbon
sources in the second approach for synthesizing Fe-N-C elec-
trocatalysts. However, this method typically results in lower po-
wer density. For example, an alternative electrocatalyst, Fe—-N—
CNT, was synthesized by Xia et al.”*° involves a CNT-like struc-
ture, which is made by doping FeCl; into a melamine sponge and
the subsequent heat treatments, promising a high surface area
and activity. The electrochemical tests resulted in 0.77 V of
half-wave potential, a low maximum power density value of
360 mW-cm 2, and 30 h of continuous operation. Using gra-
phene as the carbon source for Fe-N-C catalysts is becoming
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popular owing to the high surface area and excellent conducting
properties of graphene. Sibul et al.>*! synthesized a Fe-N-gra-
phene electrocatalyst using Fe- and N-doped GO by pyrolyzing
the precursor mixture. The resulting electrocatalyst yielded
0.77 V of half-wave potential and 243 mW-cm~2 of a very low
maximum power density, showing that graphene-based non-
PGM catalyst research should be improved. Another GO-based
Fe-N-C electrocatalyst development using three different iron
precursors (FeCl,, FeCls, and FeSO,4) and subsequent investiga-
tion of the effect of CeO, addition was reported by Kirlioglu
et al.?*? Of the resulting Fe-N-C electrocatalysts, the one made
of FeCls precursor and without CeO, addition showcased the
highest half-wave potential of 0.62 V; on the other hand, the high-
est maximum power density of 86.6 mW-cm 2 of these electro-
catalysts was exhibited by the one made of FeCl; precursor and
doped with CeO.. This shows that CeO, addition affects the half-
wave potential negatively, but max. power density positively.
Both half-wave potential and maximum power density values
are very low compared to the other works, showing that addi-
tional research on GO-based Fe-N-C electrocatalysts and po-
tential dopants must be carried out.

The third approach utilizes the zeolitic imidazolate framework
(ZIF-8)-based non-PGM catalysts, and this approach is
commonly studied in PEMFC catalyst research due to the easier
modification of the transition metal, their decent electrochemical
performance, and their long continuous operation. Liu et al.>*°
synthesized an Fe-N-C electrocatalyst using pyrolysis of Fe-
doped ZIF-8 under an argon atmosphere at 1,000°C. The result-
ing Fe2-Z8-C electrocatalyst exhibited 0.81 V of half-wave po-
tential, 1,141 mW-cm~2 of high maximum power density, as
well as 167 h of continuous operation. Even with lower Fe load-
ings, the power density remained close owing to the densely
distributed Fe particles on the electrocatalyst. As mentioned,
different transition metals, such as Co and Mn, can be used in
non-PGM electrocatalysts. Co-based electrocatalysts demon-
strate a solid performance under alkaline conditions but they
are weak under acidic conditions; therefore, synthesizing co-
balt-based electrocatalysts for PEMFCs is challenging, requiring
a solution to make them able to work better under acidic condi-
tions. Wang et al.”*° developed a Co-N-C electrocatalyst that is
produced using pyrolysis of Co-doped ZIF-8 under an argon at-
mosphere at 1,000°C and achieved 20% Co doping. 0.80 V half-
wave potential, and 560 mW-cm~2 of maximum power density
was observed during testing. After 100 h of continuous opera-
tion, potential loss is 60 mV due to instability of active sites or
electrode structures after long operation. Different from Co-
based electrocatalysts, Mn-based electrocatalysts perform bet-
ter in harsh acidic media, and the contribution of Mn to Fenton
reactions are negligible compared to Fe and Co. Li et al.,**° by
means of these advantages of Mn, developed an Mn-N-C elec-
trocatalyst using pyrolysis of 20% Mn-doped ZIF-8 under an N,
atmosphere at 1,100°C and an after treatment with acid leaching
and thermal activation at 1,100°C. After subsequent tests, the
Mn-N-C electrocatalyst yielded 0.80 V of half-wave potential,
460 mW-cm™2 of maximum power density, and only 17 mV
loss of potential after 30,000 cycles of accelerated durability
testing. The latter shows that the Mn-N-C electrocatalyst is
more durable than its Fe and Co counterparts.
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Table 7. Electrochemical and PEMFC single-cell test performance of non-PGM electrocatalysts

Catalyst loading (mg-cm 2 Maximum
power density
Catalyst Preparation method Eqo (V) Cathode Anode (Pt) (mW-cm—2) Single-cell test conditions Durability () Reference
FeN, in polyporphyrin polymerizing PTTPP with 0.73 4 0.25 730 temperature: 80°C; H, 10 Wuan et al.***
implementing iron atoms (anode)/O; (cathode); flow
inside, forming FeN,4 rate: both 0.3 L-min~"; back
moieties pressure: both 1.4 bargps
Fe-N-C-Phen-PANI embedding Phen and Fe 0.80 4 0.2 1060 temperature: 80°C; H, - Fu et al.***
(Ac), to the carbon particles, (anode)/O,, (cathode); flow
then addition of aniline and rate: 0.3 L-min~" (H,), 0.4
subsequent pyrolysis L-min~" (O,)
Fe-dual pyridine-derived Fe-  creating a polymer from DMP  0.81 4 0.5 650 temperature: 80°C; H, - Zhang et al.”*°
N-C and DPD and adding N, and (anode)/O, (cathode); flow
FeCl, into this polymer, then rate: both 0.3 L-min~"; back
pyrolysis at 900°C pressure: both 2 barps
Fe-N-CNT doping FeCls into melamine  0.77 4 0.25 360 temperature: 75°C; H, 30 Xia et al.>*®
sponge (MS), then two-stage (anode)/O,, (cathode); flow
heat treatment of the rate: both 0.4 L-min~"; back
resulting FeCl3/MS precursor pressure: both 1.5 bargps
S-doped Fe-N-C grafting CB with sulfophenyl  0.84 4 0.4 1030 temperature: 80°C; H, 10 Wang et al.?*’
group, then mixing with m- (anode)/O, (cathode); flow
PDA and FeCl3, polymerizing rate: both 0.3 L-min~" (0.2
and pyrolyzing at 950°C L-min~" for durability test);
back pressure: both 2 bar s
(1 baraps for durability test)
Fe-N-C/CO, pyrolysis in CO,/Ar 0.80 4 0.4 1230 temperature: 80°C; H, - Wan et al.?*®
atmosphere, then acid (anode)/O, (cathode); flow
leaching of polymer-coated rate: both 0.3 L-min~"; back
and ironized CB pressure: both 2 barps
ZIF-8-based pyrolysis of Fe-doped ZIF-8  0.81 2.8 0.25 1141 temperature: 65°C; H, 167 Liu et al.>*°
Fe-N-C precursor at 1000°C under Ar (anode)/O; (cathode)
atmosphere
ZIF-8-based Co-N-C pyrolysis of Co-doped ZIF-8  0.80 4 0.2 560 temperature: 80°C; H, 100 Wang et al.”*°
precursor at 1100°C under Ar (anode)/O,, (cathode); flow
atmosphere rate: both 0.2 L-min~"
ZIF-8-based Mn-N-C pyrolysis of Mn-doped ZIF-8  0.80 4 0.25 460 temperature: 80°C; H, 100 Li et al.**°

precursor at 1100°C under Ar
atmosphere, then heat
treatment at 900°C under N,
atmosphere

(anode)/O,, (cathode); flow
rate: 0.3 L-min~" (Hy), 0.5
L-min~" (O,)

(Continued on next page)
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The approach of doping Fe-N-C electrocatalysts with different
materials to increase the surface area or improving the mass
transport properties of the resulting electrocatalysts has also
been studied in the literature.”*”?*?%® Yang et al.>*® doped
SiO, into a ZIF-8-based Fe-N-C electrocatalyst, modifying the
mass transport propetrties of the catalyst and obtaining a more hy-
drophobic surface. This operation improved the performance of
the pristine Fe-N-C electrocatalyst by 25%. Wang et al.>*” synthe-
sized an S doped Fe-N-C electrocatalyst, Fe(SCN)3, by coating an
m-phenylenediamine (m-PDA) monomer with sulfophenyl-grafted
CB followed by subsequent polymerization and pyrolysis. The re-
sulting electrocatalyst yielded 0.84 V of half-wave potential and
1,030 mW-cm™2 of maximum power density. These results
showed that S doping increased the performance of the pristine
Fe-N-C electrocatalyst by nearly 30%. Wan et al.?*® applied a
mild CO, etching to another m-PDA-based Fe-N-C electrocata-
lyst by pyrolyzing the electrocatalyst in a CO, atmosphere,
increasing the pore size and, therefore, the surface area of the
electrocatalyst. This operation resulted in 0.80 V of half-wave po-
tential and a superior maximum power density of 1,230 mW-cm 2
but inferior stability due to a lower graphitization degree caused by
CO, over etching.

In conclusion, the ZIF-8-based Fe-N-C electrocatalyst is
currently the best-performing non-PGM electrocatalyst among
the reviewed works, with the highest maximum power density
and longest duration of continuous operation, yielding perfor-
mance closer to its PGM-based counterparts. The performance
of this type of M-N-C electrocatalyst can be ampilified further by
doping different materials to boost their mass transport rate,
improve their resistance against acidic media, and eventually
solve their instability issues and increase their durability.
Although the graphene-based Fe-N-C electrocatalysts currently
exhibit comparably poor performance, there are some examples
surpassing the target of the US DOE.?**~2%° Furthermore, strate-
gies like stabilizing the catalyst with hydrogen passivation are
proposed in the literature,”*” and more strategies are likely to
be introduced in the future.

Reliability and testing

Electrocatalysts are characterized by their chemical, physical,
thermal, morphological as well as electrochemical properties.
Since, in this review, the focus is electrocatalysts for PEMFCs,
fuel cell-relevant properties are emphasized by utilizing electro-
chemical characterization methods. The most common electro-
chemical characterization methods for electrocatalysts and
electrodes in PEMFCs include cyclic voltammetry (CV), linear
sweep voltammetry (LSV), and EIS.?*%2%° Some of the most sig-
nificant examples of these types and the applied techniques are
as follows. CV facilitates the evaluation of electrocatalytic activ-
ity by measuring the current response as a function of potential,
which aids in elucidating reaction mechanisms and assessing
electroactive surface area. LSV with a rotating disk electrode
system allows the precise determination of catalytic perfor-
mance under well-controlled mass transport conditions,
providing critical insights into the effects of diffusion on reaction
kinetics. EIS is employed to investigate the kinetics and transport
phenomena within the fuel cell, yielding insights into the sys-
tem’s resistance and capacitance characteristics. Collectively,
these characterization methods provide very important
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Figure 8. Selected state-of-the-art non-PGM electrocatalysts

(A-C) HR-TEM images (A), LSV curves (B), and polarization curves (C) of an S-doped Fe-N-C catalyst. Adapted with permission from John Wiley and Sons.**”
(D-F) HR-TEM images (D), LSV curves (E), and polarization curves (F) of an Fe-N-C-Phen-PANI catalyst. Adapted with permission from John Wiley and Sons.?**
(G-1) HR-TEM and EDS images (G), LSV curves (H), and polarization curves (l) of a ZIF-8-based Fe-N-C catalyst. Adapted with permission from John Wiley and

Sons.?*?

information for optimizing the catalytic activity of electrocata-
lysts and electrode materials, thereby enhancing the overall effi-
ciency and durability of PEMFCs.

A major issue in the development of PEMFCs is the degrada-
tion of electrodes and membranes, linked to catalyst properties,
device design, or radical formation during catalysis. ADTs are
crucial for assessing stability by simulating real-world condi-
tions and predicting device lifespan.?*° Ex situ testing of half-
cells offers a faster, cost-effective way to study catalyst aging.
Variability in test conditions makes it difficult to compare re-
sults, prompting the US DOE and the Fuel Cell Commercializa-
tion Conference of Japan to propose standardized ADT proto-
cols.?®" The DOE’s Hydrogen and Fuel Cell Technologies
Office studies degradation mechanisms under realistic
stresses, such as impurities, freezing, and start-stop cycles.
Key degradation pathways include carbon corrosion during
start-stop cycles and Pt dissolution in load cycles, often
measured by the loss of ECSA.?*?

The CLIPEM interface

The CL|PEM interface serves as the critical locus for the ORR
and HOR in fuel cells. This interface comprises three essential
components—catalysts, carbon support, and ionomer film—
that function synergistically to facilitate efficient redox reac-
tions.?*® The ionomer film, which envelops both catalyst and
support particles, is crucial for proton and water transport, chan-
neling these species to the reaction site at the TPB. The TPB rep-
resents the unique interface where fuel, ionomer, and catalyst

converge, enabling the transfer of protons and electrons neces-
sary for efficient reaction kinetics.?** Despite its significance, the
CL|PEM interface has received relatively limited attention in the
scientific literature, with few studies comprehensively investi-
gating its structure, electrochemical processes, and contribution
to fuel cell performance. This paucity of research can be attrib-
uted to the inherent complexity of studying interfaces within
multi-component systems.?>*2°7

Structure and composition of the CL|PEM interface. The CL|
PEM interface is a complex, heterogeneous structure
comprising three primary components: catalyst NPs, carbon
support, and ionomer. The catalyst NPs, typically Pt or Pt alloys,
are dispersed across a high-surface-area carbon support and
enveloped by an ionomer layer that facilitates proton and water
mass transfer. The region where the fuel contacts the catalyst,
enabling the redox reaction and subsequent electron transfer
to the support, is termed the TPB.?*®*°° The microscopic struc-
ture of the CL|PEM interface, as illustrated in Figure 9A, reveals
the intricate spatial relationships between these components.
The carbon support, being the largest component, provides
electronic conductivity, porosity, and stability in both acidic
and basic environments. Catalyst particles are distributed both
on the surface and within the micropores of the support. The ion-
omer film, crucial for reactant and product mass transport,
covers the catalyst and support surfaces.?%%>"

Optimization of the CL|PEM interface. Optimizing the CL|PEM
interface requires careful consideration of both microscopic
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Figure 9. CL|PEM interface structure and
optimization techniques

(A) Schematic of the CL|PEM interface.

(B) CL|PEM interface manufacturing techniques
including, (a) graded electrodes (ionomer/Pt-
content), (b) patterned electrodes, (c) ionomer-
impregnated electrodes, (d) direct membrane
deposition (DMD), (e) patterned membranes, and
(f) porous membrane surfaces. Adapted with
permission from John Wiley and Sons.?®?

Advanced techniques for CL|PEM inter-
face optimization. Recent advance-
ments in membrane deposition methods
have shown promise in optimizing CL|
PEM interfaces, as detailed by Breitwe-
iser et al.?® These techniques, illustrated
in Figure 9B, include the following:
(1) surface-patterned membranes, which
includes the utilization of micro- or
nano-patterned surfaces to create
controlled interface structures, en-
hancing proton and oxygen transport
pathways®®®?%%; (2) direct-deposited
membrane manufacturing, which in-
cludes the direct deposition of ionomer
films onto the CL, resulting in highly
controlled and compact structures with
optimized ionomer thickness®’%*""; (3)
porous membrane design, based on
incorporation of porosity within the mem-
brane to improve gas and liquid trans-
port, particularly beneficial under high

and macroscopic parameters. At the microscopic level, the inter-
actions between catalyst/support, catalyst/ionomer, and sup-
port/ionomer must be finely tuned. Macroscopically, the overall
connectivity and homogeneity of the CL|PEM interface are crit-
ical factors.?%>2%* Research data so far suggest that the high-
est-performing CL|PEM interfaces exhibit the following charac-
teristics/process metrics: uniform distribution of 2- to 5-nm Pt
catalyst particles, carbon support thickness of 20-30 nm, and
ionomer film thickness of 4-10 nm covering both catalyst and
support. Maintaining this homogeneous distribution across the
entire interface presents a significant challenge, largely depen-
dent on macroscopic fabrication methods.?®'+2%°
Electrochemical processes and performance evaluation. The
fuel cell’s redox reactions, including the ORR and HOR, occur
at the CL|PEM interface. The efficiency of these reactions is
contingent upon facile mass transport of reactants and products
to and from the TPB as well as minimal resistance to electron
transfer from the catalyst through the support. EIS has emerged
as a powerful technique for evaluating charge and mass transfer
processes at the CL|PEM interface. EIS enables spatial separa-
tion of processes based on their characteristic time constants,
providing invaluable insights into interface dynamics.?®%2%"
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current densities®®®?"?; and (4) ionomer-

impregnated assembly, which is based
on impregnation of the CL with ionomer, creating a finely distrib-
uted ionomer network that enhances proton conductivity and
structural stability.””® These techniques have demonstrated sig-
nificant improvements in fuel cell performance by creating more
controlled and homogeneous structures, thereby enhancing
TPB exposure and reaction efficiency.

Recent studies have further expanded these techniques,
including a methodology for gradient-structured interfaces
based on implementation of compositional gradients across
the CL|PEM interface to optimize both catalytic activity and
mass transport properties.?’* In addition, 3D-printed electrode
structures were developed, based on the utilization of additive
manufacturing techniques to create precisely controlled elec-
trode architectures, useful for enhancing the TPB area and
mass transport characteristics.’’® Furthermore, atomic layer
deposition methods were employed for interface engineering
to create highly controlled, ultra-thin, conformal coatings on
catalyst particles and support structures to improve interface
stability and performance.?’®

Overall, the CL|PEM interface represents a critical frontier in
fuel cell research and development. Its optimization through
advanced fabrication techniques and precise control of
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component distribution holds the key to realizing substantial im-
provements in fuel cell efficiency and longevity. As the field pro-
gresses, continued focus on interface engineering will be essen-
tial for advancing sustainable energy technologies. Future
research directions may include the development of in situ char-
acterization techniques for real-time interface monitoring and the
exploration of novel materials and structures that can further
enhance the performance and durability of fuel cell systems.

Advanced micro-scale operando techniques include
combining micro X-ray computed tomography (X-CT), X-ray
radiography, and computed tomography X-ray absorption near
edge structure (CT-XANES) to investigate water diffusion
through the gas diffusion electrode, the current-density disper-
sion inside the catalyst and microporous layers, and the degra-
dation of MEA.?”” These analyses can be combined with deep
learning to get a better modeling of each component of a
PEMFC stack.?’® Furthermore, the evolution and the effects of
TPBs inside a PEMFC can be monitored by coupling PEMFC
testing with high-frequency impedance analysis and subsequent
circuit modeling.?®®

SUMMARY AND FUTURE TRENDS

PEMFC membranes and electrocatalysts have garnered signifi-
cant attention in recent years due to their critical roles in
enhancing fuel cell performance, durability, and efficiency. In
this respect, state-of-the-art and next generation proton-
conductive polymers for membranes and Pt- and non-PGM-
based electrocatalysts were summarized within this review. A
thorough examination of the fabrication/synthesis methods,
type of materials, and structure-property relationships of
PEMFC membranes and electrocatalysts was provided. The se-
lection of the materials for MEA significantly influences perfor-
mance, and therefore these materials are a vital area of research
for improving fuel cell technologies. To overcome the key chal-
lenges, the enhancement of properties such as ionic conductiv-
ity, optimizing catalytic activity, and improving long-term stabil-
ity, including materials used in membrane and electrode
structure, is crucial. In closure, we would like to provide the
following conclusions and future trends.

Recent trends in PEMFC research and development
Membranes and electrocatalysts for PEMFCs have been the
focus of extensive research efforts in recent years owing to their
pivotal roles in determining fuel cell performance, longevity, and
overall efficiency. While the field has experienced a relative
deceleration in research intensity since 2020, the imperative
for continued advancements remains paramount. Here we
summarize several key developments in PEMFC membrane
technology.

(1) High-temperature membranes. Efforts have been made
to develop membranes capable of operating at elevated
temperatures (120°C-300°C), which offer advantages
such as enhanced CO tolerance and simplified water
management.”’® These high-temperature PEMFCs (HT-
PEMFCs) show promise for addressing hydrogen source
challenges and contributing to carbon reduction goals.
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(2) Reinforced membranes. The advent of mechanically rein-
forced membranes has led to improved durability and
operational stability, addressing one of the critical chal-
lenges in PEMFC longevity.?®°

(8) Phosphoric acid-doped membranes. Studies have
focused on mitigating the negative effects of phosphoric
acid on platinum catalysts in HT-PEMFCs with novel ap-
proaches to catalyst design and membrane composi-
tion.?”®

For the area of electrocatalysts, significant progress has been
reported.

(1) PGM-free catalysts. Efforts to replace expensive platinum
catalysts with more cost-effective alternatives have inten-
sified, with particular focus on Fe-N-C systems for the
ORR.?®'

(2) Nanostructured catalysts. Advanced nanostructuring
techniques have been employed to enhance catalyst ac-
tivity and durability, including the development of core-
shell structures and alloys.””®

(3) Support material innovations. Research has explored
alternative support materials to carbon, aiming to mitigate
carbon corrosion issues and enhance overall catalyst sta-
bi"ty_281,282

The apparent deceleration in research intensity since 2020 can
be attributed to several factors.

(1) Maturation of certain technologies. Some areas of
PEMFC research have reached a plateau in terms of in-
cremental improvements, leading to a shift in focus to-
ward other emerging energy technologies.

(2) Economic factors. Fluctuations in funding and market dy-
namics have influenced research priorities and resource
allocation.

(3) The COVID-19 pandemic. The global health crisis has dis-
rupted research activities and collaborations, potentially
slowing progress in the field.

However, the need for continued advancements in PEMFC
technology remains critical for several reasons.

(1) Cost reduction. Despite progress, further cost reductions
are necessary to make PEMFCs economically competi-
tive with conventional energy technologies.?®’

(2) Durability enhancement. Improving the long-term stability
of membranes and catalysts under real-world operating
conditions remains a significant challenge.?®°

(8) Performance optimization. Enhancing power density, effi-
ciency, and operational flexibility is crucial for expanding
the application range of PEMFC.?%*

(4) Sustainability goals. The potential of PEMFCs to
contribute to decarbonization efforts and renewable en-
ergy integration underscores the importance of continued
research and development in this field.

While the pace of PEMFC membrane and electrocatalyst
research may have moderated since 2020, the fundamental
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importance of these components in advancing clean
energy technologies necessitates sustained scientific inquiry
and innovation. Future research directions should focus on ad-
dressing the upcoming challenges in cost, especially in the light
of rising inflationary impacts worldwide as well as availability of
resources, durability, and performance to fully realize the poten-
tial of PEMFCs in a sustainable energy landscape. The following
section will provide a 5-year and a 10-year outlook for membrane
technology development.

Projected outlook for membrane development
The future prospects for PEMFC membranes are indeed prom-
ising, with significant technological advancements expected in
the next 5-10 years. These developments will be crucial in ad-
dressing the current challenges and driving widespread adop-
tion of PEMFCs.

In the next 5 years, we anticipate significant progress in the
following areas.

(1) Hydrocarbon-based membranes. Research will intensify
to develop high-performance hydrocarbon-based mem-
branes as alternatives to Per- and Polyfluoroalkyl
(PFAS)-containing membranes. These materials are ex-
pected to offer performance comparable to PFSA mem-
branes while being more cost-effective and environmen-
tally friendly.>”®
Nanocomposite membranes. Advanced nanocomposite
membranes incorporating materials such as GO, CNTs,
and metal-organic frameworks (MOFs) will likely emerge,
offering enhanced proton conductivity and mechanical
stability.”®’
Improved durability. Membrane durability will be signifi-
cantly enhanced through the development of novel poly-
mer blends and reinforcement techniques, extending
the operational lifetime of PEMFCs.?%°
(4) Advanced manufacturing techniques. Adoption of 3D
printing and other advanced manufacturing techniques
for MEAs will increase, allowing more precise control
over membrane properties and reduced production
costs.”®®

—
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Looking further ahead to 2034, we can expect more transfor-
mative developments.

(1) Self-healing membranes. Development of self-healing
membrane materials that can autonomously repair minor
damage could significantly extend PEMFC lifetimes and
reduce maintenance requirements.
Bio-inspired membranes. Biomimetic approaches may
lead to the creation of highly efficient proton-conducting
membranes inspired by natural systems, potentially revo-
lutionizing PEMFC performance.
Integrated smart membranes. Membranes with inte-
grated sensors and adaptive properties could optimize
performance in real time based on operating conditions.
(4) Zero-PFAS membranes. Complete transition away from
PFAS-containing membranes to environmentally benign
alternatives without compromising performance is ex-
pected.””®
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(5) High-temperature membranes. Development of mem-
branes capable of efficient operation at temperatures
above 200°C could expand the application range of
PEMFCs.?"®

According to recent market reports, the global PEMFC market
is projected to grow at a CAGR of 28% between 2024 and 2034,
reaching a value of over US $8 billion by 2034.°° This growth will
be driven by advancements in membrane technology, increased
adoption in the transportation sector, and supportive govern-
ment policies.

Projected outlook for electrocatalyst development

The forthcoming decade presents significant opportunities for
advancing electrocatalysts for hydrogen fuel cells, propelled by
increasing global commitments to clean energy transitions and
decarbonization strategies. Research efforts will prioritize the
optimization of performance, durability, and cost-effectiveness.
Platinum, the current benchmark for the HOR and ORR, will
remain central to investigations due to its superior catalytic prop-
erties. However, its high cost and limited availability are ex-
pected to drive substantial progress in alternative non-precious
metal catalysts, including TM-N-C frameworks, metal oxides,
single-atom catalysts, and high-entropy alloys.

Innovations in electrocatalyst development will likely
harness the capabilities of nanotechnology, computational
modeling, and machine learning to enhance catalytic activity
and long-term stability.?®® Furthermore, advances in catalyst-
support interactions and electrode architecture are anticipated
to improve the durability and efficiency of fuel cells under prac-
tical operating conditions. Parallel efforts will focus on sustain-
able manufacturing practices for catalyst production, aligning
with global objectives of environmental sustainability and
resource efficiency. These developments will collectively enable
the widespread adoption of hydrogen fuel cells as a key technol-
ogy in the clean energy landscape.

Pt and Pt-M

Reducing reliance on precious (Pt remains a central research pri-
ority, as its high cost and scarcity present significant barriers to
the widespread commercialization of PEMFCs. A promising
strategy to address this challenge involves the development of
multi-metal composite catalysts incorporating more cost-effec-
tive transition metals, such as Fe, Co, and Ni. However, the
dissolution and dealloying of these transition metals during fuel
cell operation raise durability concerns, necessitating advanced
structural engineering approaches, such as core-shell architec-
tures, to enhance catalyst stability. Among the investigated Pt-M
alloy electrocatalysts, L1o,-CoPt NPs have demonstrated the
most promising performance to date.?°”2'® Furthermore, the
integration of artificial intelligence (Al) and machine learning
(ML) in catalyst design is revolutionizing the field by accelerating
the discovery of high-performance, low-cost alternatives to Pt.
ML models can analyze extensive datasets, predict optimal
catalyst compositions, and simulate performance characteris-
tics, significantly reducing the time and cost associated with
traditional experimental trial-and-error methods. By leveraging
Al-driven insights alongside advancements in material synthesis,
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researchers can systematically develop catalysts that combine
high catalytic activity, improved stability, and reduced cost,
thereby expediting the commercialization of PEMFCs and rein-
forcing their role as a pivotal technology in the transition to sus-
tainable energy systems.

In parallel, optimizing CL deposition techniques is critical for
maximizing catalyst utilization and enhancing PEMFC efficiency.
Conventional methods, such as drop-casting and manual air-
brushing,”®* often lead to inhomogeneous catalyst distribution
and NP aggregation, which negatively impact fuel cell perfor-
mance. Future advancements are expected to focus on preci-
sion engineering techniques such as spray pyrolysis,?®° electro-
spinning,”®® or inkjet printing,”®” which enable the fabrication of
uniform, thin CLs with controlled nanostructures. Achieving
greater homogeneity in CLs will minimize energy loss, enhance
fuel utilization, and extend PEMFC durability, ultimately driving
the technology toward higher operational efficiency and broader
commercial viability.

Non-PGM
Non-PGM catalysts have emerged as cost-effective alternatives
to their expensive PGM-based counterparts. Among these,
M-N-C catalysts—where M represents a transition metal such
as Fe, Co, or Mn—have garnered significant attention due to their
potential for sustainable and economically viable fuel cell applica-
tions. While these catalysts demonstrate promising catalytic ac-
tivity, their widespread practical implementation remains hin-
dered by several critical challenges, including instability caused
by Fenton reactions, suboptimal mass transport properties, and
insufficient long-term durability. Consequently, ongoing research
efforts continue to focus on enhancing the stability and perfor-
mance of M-N-C catalysts with the ultimate goal of achieving per-
formance metrics comparable to those of PGM-based catalysts.
Currently, ZIF-8-derived M-N-C catalysts have gained substan-
tial interest among researchers due to their well-established and
scalable synthesis process. These catalysts exhibit superior po-
wer density and prolonged continuous operation compared to
other non-PGM alternatives. Furthermore, the incorporation of
graphene-based structures as a carbon support in M-N-C cata-
lysts has been explored as a strategy to improve stability and
mass transport. While these modifications have yet to yield signif-
icant breakthroughs in overall performance, graphene remains a
highly promising candidate due to its exceptional specific surface
area and high electrical conductivity. With further optimization,
the development of an efficient synthesis route for high-perfor-
mance M-N-graphene catalysts could significantly enhance the
viability of M-N-C catalysts by addressing their key limitations.
In parallel, the emphasis on sustainability and cost reduction
continues to drive progress toward the broader adoption of
PEMFCs. Green manufacturing processes and the development
of recyclable materials are expected to mitigate environmental
impact while reducing production costs. Additionally, advance-
ments in hybrid energy systems and comprehensive system-
level optimizations will likely improve overall efficiency and
long-term performance. These technological innovations are
poised to accelerate the deployment of PEMFCs across various
sectors, including transportation, stationary power generation,
and portable energy applications. As the hydrogen economy ex-
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pands, with global hydrogen consumption projected to increase
6-fold by 2050 compared to 2020 levels,??®2%° PEMFCs are ex-
pected to play an increasingly pivotal role in the transition toward
a sustainable and economically viable energy future.
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