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Fe—N-C catalysts have emerged as the most promising class of non-precious metal electrocatalysts

for the oxygen reduction reaction (ORR) in proton exchange membrane fuel cells (PEMFCs), offering

favourable activity, structure tunability, and cost-effectiveness. However, challenges remain in achieving

the performance and durability required for practical applications. This review systematically summarizes
recent progress in Fe—N-C catalyst development, with a focus on synthetic strategies aimed at increas-
ing the active site density, optimizing Fe—N, coordination environments and potential engineering solu-

tions to the membrane electrode assembly (MEA) based on Fe—N-C, particular attention is given to the
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pyrolysis atmosphere control, post-synthesis treatment, and optimizing the microstructure and catalytic
performance. Furthermore, this review explores emerging approaches to integrate Fe—N-C catalysts
into membrane electrode assemblies (MEAs), including ionomer—catalyst interaction tuning and elec-

trode architecture optimization, with the goal of bridging the gap from laboratory activity to real-world

rsc.li/energy-advances fuel cell operation.

1. Introduction

The ever-growing energy demand driven by the increasing popula-
tion, technological and industrial development has resulted in
many environmental and economic challenges, including air
pollution, global warming, and local conflicts caused by fluctua-
tion in oil price and resource scarcity. Currently, fossil fuel-based
energy reserves can meet human demands, but the excessive use
of remaining fossil fuels is one of the main contributors to global
warming. The combustion of fossil fuels releases large amounts of
greenhouse gases, exacerbating global temperature rise and cli-
mate change. Therefore, fossil fuels should be used more as
precursor chemicals rather than being directly burned, in order
to reduce their negative impact on the environment." Despite
renewable energy sources, especially wind and, solar, experiencing
significant proliferation, their unpredictability prevents us from
relying on them fully. Alongside renewable generation, green
energy transfer and storage technologies are vital to develop in
tandem. Hydrogen is a clean energy carrier that produces only
water as product when used as a fuel. Fuel cells, characterized by
their high energy conversion efficiency and energy density, are
particularly important as zero-carbon emission devices, making
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them highly promising for supporting the transition of the energy
system towards carbon neutrality by 2050.>

Proton exchange membrane fuel cells (PEMFCs) are the
most successfully commercialized and practically applied type
of fuel cells to date, with the Toyota Mirai being one of the most
representative automotive examples.® The commercial compe-
titiveness of fuel cells largely depends on their cost, with the
Pt based catalyst being the most significant contributor-
accounting for approximately 41% of the total cost of a fuel cell
stack,* which, coupled with significant infrastructure require-
ments, has made them uncompetitive with Li ion battery
electric vehicles for personal automotive in recent years. Since
Jasinski’s discovery that Metal-N, sites in metal phthalocya-
nines in 1960s can catalyse the oxygen reduction reaction (ORR)
in alkaline electrolytes, extensive efforts have been devoted to
developing non-precious catalysts in order to reduce the cost of
fuel cells.””” Among various transition metals, Fe-N, sites have
demonstrated superior catalytic activity. Fe-N-C materials,
constructed by embedding atomically dispersed Fe centers into
a nitrogen-doped carbon matrix, have emerged as promising
non-precious metal catalysts for the ORR at fuel cell cathodes.
ZIF-8 is commonly used as a precursor due to its high nitrogen
content, controllable structure, and the easy removal of Zn
during pyrolysis. The atomic dispersion of Fe atoms not only
guarantees a high density of accessible catalytic sites but also
tailors the local coordination environment, which strengthens
the interaction between Fe centres and oxygen intermediates,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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thereby maximizing metal atom utilization and efficiency.®
Furthermore, precise modulation of the local coordination
environment enables the rational design of active sites, selec-
tively steering reaction pathways and ultimately enhancing
catalytic performance.’ Nonetheless, under the acidic condi-
tions required by PEMFCs, Fe-N-C catalysts still fall short of
the performance of Pt-based catalysts, especially in terms of
activity and durability. Although Fe-N-C catalysts have shown
good activity in alkaline media, the practical application of
alkaline fuel cells is limited by the lack of suitable membranes.
As a result, efforts toward advancing Fe-N-C catalysts are
predominantly focused on acidic conditions, which align with
the operational environment of commercially relevant PEMFC
technologies. Therefore, this perspective aims to explore recent
strategies and fundamental insights for improving the perfor-
mance of Fe-N-C catalysts in acidic environments, with the
ultimate goal of enabling their practical application in next-
generation PEMFC systems.

2. Current strategies for improving
Fe—N-C catalysts for the oxygen
reduction reaction

Typically, the primary active sites of Fe-N-C catalysts for the
oxygen reduction reaction (ORR) are FeN,C,, and FeN,C;,
moieties, which correspond to pyrolic- and pyridinic-N coordi-
nated configurations, respectively, as illustrated in Fig. 1.
The former (FeN,C;,) exhibits superior catalytic activity but
suffers from undesirable degradation due to severe irreversible
Fe demetallation, leading to the formation of iron oxides.
In contrast, the latter (FeN,C,,) shows slightly lower activity
but offers enhanced structural stability,’*"* and it also sup-
presses H,0, formation by tunning *OOH binding to favor O-O
cleavage (4e~ pathway) over *OOH desorption (2e” to H,0,)."*
This section discusses the activity—stability trade-off between
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these two site types and explores strategies to enhance both
performance and durability.

Under the acidic and oxidising environment of PEMFCs,
Fe-N-C catalysts deactivate through 3 main pathways, which
are most consequential at the atomistic level.

(i) Demetallation of Fe-N sites: under acidic media and
cathodic potentials relevant to the ORR, protonation of the
coordinating nitrogens weakens the Fe-N bonds."* Once two
adjacent N atoms are protonated, the Fe centre may migrate
away from the original N, cavity, usually while being ligated by
oxygen-containing adsorbates, and ultimately dissolve as
Fe*/Fe*!, or reprecipitate as iron oxides."> Operando and
post-mortem analyses commonly detect the irreversible loss
of atomically dispersed Fe together with the appearance of FeO,
phases, which directly reduces turnover capacity, and drives the
reaction toward 2-electron pathway.'®

(ii) Carbon corrosion: the active Fe-N site in Fe-N-C cata-
lysts is embedded within a carbon matrix, and the structural
integrity of this carbon support is critical for long-term catalyst
stability. Electrochemical carbon corrosion can occur at above
0.207 Vgrug, and is significantly accelerated during start-up/
shut-down cycles, which accelerate oxidative carbon degra-
dation.””"° Simultaneously, hydrogen peroxide and reactive
oxygen species generated during ORR chemically attack defect-
rich carbon regions, leading to C-C bond cleavage, loss of
structural support, and ultimately Fe site destabilization and
demetallation. Beyond ORR activity, carbon corrosion could result
in reduced electronic conductivity and structural collapse of the
cathode layer."* The degradation of the carbon network disrupts
electron transport and gas diffusion, further lowing the fuel cell
performance.

(iii) Chemical attack by hydrogen peroxide intermediates
and radicals: Fe-N-C catalysts tend to generate a higher frac-
tion of hydrogen peroxide during acidic ORR compared to Pt-
based catalysts, due to partial oxygen reduction via the 2-
electron pathway. H,0, is oxidative and can directly attack
Fe-N sites, alter their coordination environment and promote
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Fig. 1 Schematic of the construction of Sl-pyrrolic and S2-pyridinic nitrogen sites through controlled pyrolysis atmosphere. Reproduced with

permission.?? Copyright © 2023 Springer Nature Limited.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fe leaching. More critically, in the presence of Fe*'/Fe’*, H,0,
undergoes Fenton-like reactions to form highly reactive hydroxyl
and peroxyl radicals. These species could oxidize surrounding
carbon and break Fe-N bonds.*® Kinetic analyses by Yin and
Zelenay et al. suggest that the rapid initial performance loss of
Fe-N-C catalysts follows a self-catalysed decay mechanism, driven
by this radical feedback loop: peroxide formation leads to Fe
dissolution, which then accelerates further radical generation and
structural damage.”® At the molecular scale, this autocatalytic
process represents a major pathway of active site degradation
and carbon corrosion and is considered a central challenge
limiting Fe-N-C durability in PEMFC.

2.1. Hydrogen treatment

Hydrogen treatment is one of the most widely adopted strate-
gies which involves introducing a small amount of hydrogen
gas (typically 5-10%) mixed with an inert gas during the
pyrolysis of the Fe-N-C precursor, as comprehensively studied
by Zeng et al., who pyrolyzed a Zeolitic imidazolate framework-8
(ZIF-8)/Fe,0; composite under different H,/Ar concentrations
and obtained 720 mW c¢cm ™2 in a PEMFC under H,-air condi-
tions (150 kPa backpressure, 4 mg cm > loading, Gore
membrane). ZIF-8, one of the most classical MOF precursors
for Fe-N-C synthesis, is particularly suitable due to its high
nitrogen and carbon content, well-defined porous structure,
and thermal stability. Moreover, the zinc species in ZIF-8
possess a relatively low boiling point (907 °C), which facilitates
partial evaporation during pyrolysis, contributing to the for-
mation of porous structures and improved mass transport
properties.”>** This treatment effectively removes most of the
unstable pyrrolic-type sites and concurrently shortens the Fe-N
bonds at both pyrolic and pyridinic sites by hydrogenating
the carbon atoms adjacent to the active centres.>”> Hydrogen
also helps eliminate poorly graphitised carbon and residual
hetero elements. It increases the catalyst’s graphitization,
which suppresses carbon corrosion by raising the oxidation
onset potential, improving electronic conductivity, and redu-
cing defect/edge sites, thereby limiting radical (*OH/*OOH/
H,0,) attack. On the other hand, although the pyrolysis
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temperature exceeds zinc’s boiling point, hydrogen drives even
more zinc out, creating additional micro and mesopores
and enlarging the accessible surface area.”*?® The resulting
increase in pore volume is crucial for relieving mass-transport
limitations in Fe-N-C cathodes used in fuel cells.

2.2. Ammonia/ammonium compound treatment

Ammonia (NH;) treatment is also an effective strategy to
enhance the activity of Fe-N-C catalysts. Ammonia serves not
only as a reductive gas but also as an additional nitrogen
source. During pyrolysis, NH; typically decomposes into N,
and H, between 500 °C and 900 °C and further dissociates into
highly reactive nitrogen and hydrogen atoms at temperatures
above 900 °C.>”*® These active atoms could react with poorly
graphitised carbon to form HCN and CH,, forming significant
amount of micro-mesopores, which is the key for hosting
the Fe-N, active.”® Kramm et al. were the first to provide
valuable guidance on the role of ammonia treatment in
Fe-N-C electrocatalysts, using chloroirontetrametoxyphenyl-
porphyrin (Fe(TMPP)CI) as precursor and demonstrated how
secondary ammonia pyrolysis influences FeN, site turnover
frequency and porosity.>® Under this atmosphere, the Fe-Nj
bonds can be strengthened, and the active sites can be redis-
persed. Moreover, any remaining Fe-based nanoparticles or
clusters can react with nitrogen species to form new Fe-N
coordination sites, thereby increasing the density of active
centres.>® Ammonia treatment functions much like hydrogen
treatment, but with the added benefit of supplying extra nitro-
gen, thereby compensating for nitrogen loss during high-
temperature pyrolysis and enhances both the catalytic activity
and long-term stability (Fig. 2).

In addition, various analogous strategies have been devel-
oped by introducing specific additives that thermally decom-
pose at high temperatures to release ammonia and other gases/
compounds, which facilitate the formation of active sites and
porous structures within the carbon matrix. For instance,
melamine, with its high nitrogen content (67 wt% N), acts both
as a nitrogen precursor and a soft template. It coordinates Fe
ions to anchor atomically dispersed Fe-N, centers and, upon

+ NH, e ]

+ HCI

Fig. 2 Fe—-N-C structural, Composition and ORR activity evolution of Fe—N-C catalyst upon NHsz treatment. Reproduced with permission.*°
Reproduced with permission. Copyright © 2011 American Chemical Society.
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(a) Schematic synthetic process of Fe—N—-C with treatment of Melamine. TEM image of (b) Fe—N-C without Melamine treatment, (c and d)

Fe—N-C with Melamine treatment.**3* Copyright © 2023 John Wiley&Sons, Inc or related companies.

heating, its condensation and decomposition release ammonia
and HCN gases that etch micro-/mesopores and help remove
poorly graphitized carbon.’” Recently, Li et al. developed a
melamine-assisted chemical vapor deposition method that
achieves improved site density, utilization, and mass transport,
demonstrating that melamine can effectively promote the
formation of active sites and optimize the pore structure,
achieving peak power density of 540 mW cm > in PEMFC
under H,-air conditions (200 kPa backpressure, Gore select
membrane, 3.5 mg cm 2).**** This could be attributed to
Melamine treatment providing effective site utilization and
construction of the hierarchical pore structure (Fig. 3).

Beyond melamine, many other compounds have been inves-
tigated using different treatment methods, such as physical
mixing followed by pyrolysis or chemical vapor deposition,
including: 1,10-phenanthroline,® ammonium chloride,*
ammonium iodine,”” ammonium bromide(where Iodine and
bromide can dope the catalyst surface),®® cyanamide,'® urea,*
dicyandiamide*® and others. Diverse additives offer multiple
strategies to tailor the active site density, nitrogen incorpora-
tion, and pore architecture of Fe-N-C catalyst. These
approaches primarily aim to increase the proportion of pyridi-
nic nitrogen, modify Fe-N bond strength, either by shortening
the bond length, increase the graphitization and/or introducing
heteroatoms such as F or Br to alter the coordination environ-
ment, recduce the hydron peroxide production and increase the
carbon corrosion, and ultimately provide a versatile toolbox for
optimizing catalytic performance.

While significant progress has been achieved in improving
the catalytic activity, site density, mass transport, and structural
stability of Fe-N-C catalysts through strategies such as hydro-
gen and ammonia treatments, nitrogen-rich additives, and
advanced synthesis techniques, several key challenges remain.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Despite reported improvements in durability, most studies
focus on short- to medium-term stability under laboratory
conditions, whereas the long-term operational stability under
realistic fuel cell environments (such as acidic media, high
potentials, and dynamic cycling) requires further investigation.
Moreover, the mechanistic understanding of how specific
treatments (e.g., ammonia-induced active site redistribution,
bromide doping, or additive-driven pore formation) enhance
catalyst stability at the atomic scale remains incomplete. In the
future development of Fe-N-C catalysts, a deeper understanding
of their atomic-scale degradation mechanisms will be essential
to bridge the gap between laboratory activity and practical fuel
cell durability. Current studies indicate that performance decay
arises from interplay of Fe-N, demetallation, carbon matrix
oxidation, and peroxide-induced radical attack, which occur
simultaneously and often reinforce one another under operating
conditions. To elucidate these coupled processes, future
research should integrate advanced in situ/operando character-
ization techniques such as X-ray adsorption spectroscopy (XAS)
and Mossbauer spectroscopy for Fe-N site dementalization, and
Raman spectroscopy for carbon corrosion, with theoretical mod-
elling approaches such as DFT and molecular dynamics simula-
tion to capture the dynamic evolution of active sites under
realistic PEMFCs operation. Moreover, establishing quantitative
links between synthesis strategies (e.g., pyrolysis atmosphere
control, coordination tuning and support engineering) and
specific degradation pathways will enable a mechanism-driven
design framework beyond empirical optimization.”’ From a
broader perspective, achieving long-term stability requires multi-
scale integration - connecting atomic-level understanding with
Membrane-electrode-assembly level electrode design. The conver-
gence of mechanistic insight, rational synthesis and engineering
control will ultimately lead to Fe-N-C catalysts that combine high
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activity, durability and scalability, advancing the field toward
viable PGM-free fuel cell commercialization.

3. Active site density increase

While considerable efforts have been made to improve the
intrinsic activity and stability of Fe-N-C catalysts, these strate-
gies alone are insufficient to meet the practical demands of
high-performance fuel cells. Even when the active sites are
highly optimized, the overall cathode performance often falls
short, primarily because the low density of active sites requires
the construction of thicker catalyst layers to achieve sufficient
total site numbers. However, such thick layers hinder gas
transport and increase the risk of electrode flooding, ultimately
limiting the performance, particularly at the high current
densities desired during operation.*” Therefore, beyond the
optimization of active site properties, the enhancement of
overall catalyst loading, coupled with the preservation of high
site accessibility and efficient mass transport, has emerged as a
pivotal focus for advancing Fe-N-C catalysts from laboratory-
scale studies toward practical applications. Most reported Fe—
N-C catalysts achieve only <1.5 wt% Fe content, as single-atom
metals possess intrinsically high surface energy, and excessive
Fe precursors tend to aggregate into inactive nanoparticles or
undesirable phases such as metallic Fe clusters, iron carbides,
and iron nitrides during high-temperature pyrolysis.”*™*
Although various atmospheric conditions or additives (such
as melamine, ammonium chloride) during the annealing pro-
cess to improve Fe-N-C site formation can slightly increase the
site density, it is still insufficient for practical applications. This
chapter provides a comprehensive overview of recent advances
in strategies designed to effectively increase Fe-N-C catalyst
loading, with an emphasis on addressing the associated chal-
lenges and opportunities for future development.

3.1. Chemical vapor deposition strategy

Chemical vapor deposition (CVD) is a versatile gas-phase
synthetic technique widely employed to deposit thin films
or introduce atomically dispersed active sites onto solid sub-
strates.’® In the case of Fe-N-C catalysts, CVD enables Fe-
containing vapours (such as FeCl;) to diffuse and react with
nitrogen-doped carbon substrates under elevated tempera-
tures, anchoring Fe atoms as isolated Fe-N, sites.*® Compared
to conventional impregnation or solid-state mixing methods,
CVD effectively minimizes Fe aggregation, enhances the dis-
persion of active sites, and allows for higher Fe loadings with
maximized site utilization. For example, Li et al. reported the
fabrication of dense Fe-N, site-rich Fe-N-C catalysts by vapor-
izing anhydrous FeCl; (boiling point 316 °C) in an upstream
boat and depositing it onto Zn-N-C in a boat positioned
downstream, achieving Fe content of 2 wt% and an impressive
power density of 370 mW cm 2 in H,-air PEMFC (150 kPa
backpressure, Nafion 212 membrane, 6 mg cm™ > loading).”®
The choice of Fe precursor in CVD critically governs the vapor-
phase transport, reaction kinetics, and ultimately the density
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Fig. 4 Schematic CVD synthetic process of Fe—N-C of with (a) FeCls,
Reproduce with permission.>® Copyright © 2021 Springer Nature Limited.
(b) Felacac)s, Reproduce with permission.> Copyright © 2024 John Wiley
& Sons, Inc or related companies.

and uniformity of Fe-N, active sites, highlighting the impor-
tance of precursor selection and process optimization. Different
Fe sources can significantly affect the vapor-phase transport
behaviour, reaction pathways, and potential side reactions during
high-temperature processing. Yang et al. synthesized ultrathin
Fe-N-C nanosheets from ZIF-L, which has the same structure as
ZIF-8 but with a 2D morphology, using vacuum vapor deposition
with iron acetylacetonate (i.e., Fe(acac)s, boiling point 187.6 °C) as
the Fe source, with Fe loading of 4.22 wt%.”" These two examples
demonstrate that while the CVD method can effectively enhance
the Fe loading in Fe-N-C catalysts, the selection of Fe precursors,
including factors such as molecular size, boiling point, and
volatility, plays a pivotal role in determining deposition efficiency
and the distribution of active Fe-Nj sites.>® Further systematic
investigations into precursor properties and their relationship
with CVD processing conditions could provide valuable guidance
for optimizing Fe utilization and improving overall catalyst per-
formance (Fig. 4).

3.2. Impregnation strategy

While CVD offers precise control over Fe deposition by diffus-
ing gaseous iron precursor into carbon support, the impregna-
tion method represents another commonly used and more
scalable strategy to increase Fe loading, relying on solution-
based processes and post-synthesis activation. Typically,
through immersing nitrogen-doped carbon substrates in Fe
precursor solutions, the Fe*" ion is not only adsorbed within
the micro- and mesopores of the nitrogen-doped carbon sub-
strate, but also effectively anchored by nitrogen atoms, which
provide coordination sites that prevent aggregation during
subsequent pyrolysis.>® Additionally, oxygen vacancies present
in the carbon framework could also promote the adsorption
and stabilization of Fe species, enhance the overall dispersion
and durability of the active sites.>* For example, MOF-derived

© 2025 The Author(s). Published by the Royal Society of Chemistry
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N-C contains abundant nitrogen embedded in the carbon
framework along with a high density of micropores, while
reduced graphene oxide is rich in oxygen vacancies.>® Here,
particular attention is given to ZIF-8 derived Fe-N-C catalysts,
due to their unique porous structure and high nitrogen con-
tent, and we review representative studies that have explored
strategies to enhance Fe loading. Mehmood et al. modified the
traditional impregnation method to increase the Fe loading to
7 wt% using commercial ZIF-8 as the precursor, achieving a
peak power density of 429 mW ¢cm™? in a PEMFC under H,-air
conditions (150 kpa backpressure, Nafion 211 membrane,
100 kPa backpressure, 3.9 mg cm > loading).*® The key strategy
involved removing most of the Zn from the N-C framework by
acid reflux to create enriched metal-vacancy-N, sites, followed
by a secondary reflux in an iron chloride methanol solution to
fill these vacancies with Fe®" ions, and finally pyrolyzing
the catalyst to activate the catalytic sites. Expanding on this
concept, Lan et al. reported a new record Fe-N-C catalyst with
an Fe loading of 11.8 wt% with active site utilization of 79.8%
was achieved using a similar strategy combined with a segmen-
tally annealed process. The Fe-ion-adsorbed N-C was first
annealed at 300 °C for 5 hours, followed by a second annealing
stage at 700 °C for 4 hours.”” The initial low-temperature
treatment enhanced the interaction between the metal pre-
cursor and the carbon support, thereby effectively suppressing
the aggregation of Fe atoms during the subsequent high-
temperature activation.’® Aberration-corrected HAADF-STEM
imaging revealed only isolated bright spots attributable to
single Fe atoms, with no observation of Fe nanoparticles or
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clusters. This observation was further confirmed by Fe k-edge
XANES/EXAFS analysis, which showed Fe coordination envir-
onments consistent with Fe-N bonding and no detectable Fe-Fe
coordination peak, verifying that all Fe species remained atom-
ically dispersed. This represents a significant breakthrough,
achieving a record-high loading while maintain excellent
atomic dispersion and high active-site utilization. Although
the study did not evaluate the catalyst in PEMFCs, the Zn-Air
battery configuration clearly demonstrated the catalyst’s super-
ior activity and durability, confirming that the high Fe loading
effectively translated into enhanced device-level electrochemi-
cal performance (Fig. 5)

3.3. Comparative critical analysis of CVD and impregnation-
pyrolysis routes for Fe-N-C catalysts

The chemical vapor deposition (CVD) route is widely recognized
as one of the most precise approaches for constructing Fe-N-C
catalysts. The main advantage lies in its ability to deposit
gaseous Fe precursors uniformly onto N-doped carbon support
under controlled atmospheres, resulting in high-density and
fully exposed Fe-N active sites. Compared with traditional wet-
chemical methods, CVD provides better control over metal-
nitrogen coordination and minimizes ion-diffusion-induced
aggregation, thus achieving higher atomic utilization. In addition,
CVD generally eliminates the need for post-synthesis acid leach-
ing, which can reduce liquid waste generation. However, the main
challenge in scaling up CVD lies in maintain process uniformity
and engineering feasibility. When scaling from gram to kilogram
batches, temperature and precursor partial-pressure gradients

Adsorb Fe3*

——p

Pyrolysis
Fe-N/C D-Fe-N/C
Fe coordination (1) DCDA addition
Fe®"/MeOH (2) 900 °C in 5%

‘Hy N

~7 wt% Fe
~5 wt% Zn

Fig. 5 Schematic impregnation synthetic process (a) one step anneal process, Reproduced with permission.*® Copyright © 2021 Springer Nature
Limited. (b) segmentally annealed process. Reproduce with permission.>” Copyright © 2025 John Wiley & Sons, Inc or related companies.
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inside the reactor cause non-uniform Fe- deposition, local aggre-
gation, and reproducibility issues. The use or formation of
corrosive gases such as FeCl; and NH; can corrode reactor
material and lead to precursor/carbon deposits on the reactor
wall, Therefore, the process demands corrosion-resistant reactors,
precise flow control, regular cleaning and multi-stage exhaust
treatment, leading to higher capital and operating cost and
increased safety risks.*® Although recent advances, including
fluidized-bed CVD, rotary CVD and template assisted CVD, have
been developed to improve gas distribution and site uniformity,
no reliable kilogram-scale engineering validation has yet been
achieved. Further progress should focus on the development of
low-temperature, continuous CVD system to achieve a balanced
integration between catalytic performance and engineering
feasibility.

Compared with CVD, the impregnation method is currently
the most practical and industrially adaptable route for synthe-
sizing Fe-N-C catalysts. It stands out for its low-cost precursors,
mature processing and compatibility with standard furnaces,
allowing hundred-gram to kilogram-scale production with good
batch to batch reproducibility. However, during scale-up, uneven
heat and mass transfer in thick material layers can lead to Fe-
migration and aggregation, forming inactive Fe or Fe;C phases
that reduce the proportion of Fe-N, sites.”® In addition, acid
leaching, while effective at removing in active species, can also
dissolve part of the Fe-N, sites and generate acidic waste contain-
ing iron, creating environmental concerns.® Strategies mentioned
in Section 2 could effectively improve Fe dispersion and reduce
acid dependency. Overall, the impregnation method offers excel-
lent scalability and economic efficiency, and future research
should aim to integrate CVD-like structural precision to achieve
a balance between catalytic performance and manufacturability
(Table 1).

4. Catalyst layer engineering

MOF-derived carbon supports or catalysts typically struggle to
achieve high performance in working fuel cells, even when
combined with Pt-based nanoparticles on their surfaces.
Encouraging performance metrics in ultra-low loading rotating
disc electrochemical experiments often fail to translate into
high current density/low-overpotential performance in a working
fuel cell electrode. What limits the performance of MOF-derived

Table 1 Representative PEMFCs performance of Fe—N-C catalysts
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materials in fuel cells is largely due to the pore structure of the
carbon particles, which predominantly consist of micropores
(<2 nm).**> While the abundance of micropores contributes to a
high surface area and increased exposure of active sites, it also
creates significant mass transport challenges due to a shortage of
meso- and macro- pores limited the reactant diffusion to the
channel.®® With only limited mesopores and macropores, micro-
pores alone are insufficient to effectively facilitate the transport of
gaseous reactants and the removal of accumulated water in the
catalyst layer, potentially limiting overall catalytic efficiency.

4.1. Template strategies

A high-efficiency catalyst layer must give a hierarchical pore
structure that provides not only a high surface area but also a
balanced combination of micropores, mesopores, and macro-
pores, which is important for the mass transport in PEMFCs.
The hard-template method is a synthesis strategy that uses rigid,
pre-formed solid materials (such as SiO,, Al,O3, or CaCOj3) to
shape the structure of target materials.** After deposition or
formation of the desired material around the template, the
template is removed, typically by chemical etching or calcination,
leaving behind a porous or hollow architecture. Since Kui et al.
introduced the polystyrene (PS) hard-templating strategy to fabri-
cate ordered macro-microporous MOF single crystals, consider-
able effort has been devoted to incorporating such hierarchical
structures into various applications.®®®® Recently, several studies
have focused on utilizing the hard-template method to construct
porous structures in ZIF-8-derived carbon materials. For example,
Zhai et al. synthesized a Fe-N-C single-atom catalyst supported on
a hierarchically porous carbon framework using a PS sphere
template. The resulting material featured a 3D-ordered macro-
porous structure with pore sizes around 160 nm, which signifi-
cantly enhanced oxygen reduction reaction (ORR) performance by
improving kinetic mass transport efficiency.®” This underscores
the importance of hierarchical pore structures in optimizing
catalyst performance, highlighting their potential for application
in fuel cells, where effective mass transfer and active site utiliza-
tion are key to achieving high performance,®® however, the hard-
template strategies typically involved complex, costly syntheses,
consequently, research has shifted toward soft-template appro-
aches to simplify the process and reduce the costs (Fig. 6).
Compared with hard-template methods that use solid scaffolds
and require additional removal steps, soft-template strategies

Catalyst layer loading Backpressure Peak power density
Electrocatalyst (mg cm™?) Membrane  (kPa) (mW em™?) Ref.
Fe-N-C-FG 4 Gore 150 720 Nature Catalysis (2023)*>
0.20 Mela-FeNC 3.5 Gore-Select 200 540 Energy & Environmental Materials (2023)**
Fe-N-C-CVM 3 Nafion 212 100 450 Nature Communication (2024)"°
Fe-N-C-BrCl 3.5 Gore-Select 250 880 Nature Communication (2024)**
Fe-N-C-CVD-750 6 Nafion 211 150 370 Nature Material (2021)*°
Fe-N-C-ADCDA 3.9 Nafion 211 150 429 Nature Catalysis (2022)*°
Fe,~NC/Phen 3.5 Nafion 211 100 710 Energy & Environmental Science (2022)*°
0.17 CVD/Fe-N-C-kat 4 Nafion 212 100 320 Angew. Chem., Int. Ed. (2020)*
Fe-AC-CVD 4 Nafion 212 100 601 Nature Energy (2022)*°
1418 | Energy Adv, 2025, 4,1412-1425 © 2025 The Author(s). Published by the Royal Society of Chemistry
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rely on the self-assembly of surfactants or polymers to form
pores during synthesis,*® provide an simpler and cost effective
synthesis route. One key advantage of soft templates is that they
can typically be removed by simple solvent washing or low-
temperature pyrolysis, while hard templates often require
harsh chemical etching or high-temperature treatment. This
makes soft templating more process-friendly and scalable.
It is especially useful for improving the pore structure of
ZIF-8-derived Fe-N-C materials, which usually have many
micropores but very few mesopores. By introducing meso-
pores, soft-templating improves mass transport and increases
the accessibility of Fe-N, sites, which is important for thick
catalyst layers. A variety of soft-templating agents—such as
Pluronic F127, hexadecyl trimethyl ammonium bromide
(CTAB), 1,3,5-trimethylbenzene (TMB), and 1H,1H,2H,2H-per-
fluorodecyltriethoxysilane (HFS)/oil—have been extensively
studied,”®®" and have been shown to significantly increase

© 2025 The Author(s). Published by the Royal Society of Chemistry

the mesopore ratio and surface area of the resulting catalysts
(Fig. 7).707*

4.2. Membrane electrode assemble optimization

Excluding the catalyst properties, the membrane electrode
assembly (MEA) fabrication process also requires careful opti-
mization, including parameters such as ionomer content and
carbon additive amount. With respect to ionomer content,
insufficient loading may result in poor coverage of the catalyst
surface, limiting proton accessibility to the active sites and
thereby reducing their effective utilization. Conversely, exces-
sive ionomer can flood the porous structure, block oxygen
transport channels and hindering reactant access to the active
sites.”>”* Pedersen et al. conducted a comprehensive study on
ionomer loading optimization by correlating Fe-N-C pore size
distribution with key electrochemical factors. Using advanced
techniques including electrochemical impedance spectroscopy

Energy Adv., 2025, 4,1412-1425 | 1419
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(EIS), distribution of relaxation times (DRT), and Fourier-
transformed alternating-current voltammetry (FTacV), they
deconvoluted the contributions of proton resistance, electron
resistance, and active site density to PEMFC performance, and
proposed a novel quantitative evaluation framework.”” This
study provides valuable insights into the rational design and
optimization of non-precious catalyst based MEAs, particularly
emphasizing the critical role of the ionomer-to-carbon ratio in
balancing proton conductivity and oxygen accessibility within
the catalyst layer.

Carbon additives are particularly important in very thick
non-precious metal catalyst layers. Although the treatments
mentioned above can enhance the graphitization degree of
Fe-N-C catalysts, their intrinsic conductivity remains substan-
tially lower than that of conductive carbon blacks. This is
primarily due to the presence of structural defects, amorphous
carbon regions, and heteroatom doping (e.g., nitrogen), which
disrupt the extended mn-conjugation network and hinder
electron transport. As a result, insufficient conductivity in the
catalyst layer can lead to pronounced voltage losses in the
ohmic region.”®”® In addition to enhancing conductivity,
the use of different types of carbon black can further tailor
the pore structure of the catalyst layer, thereby improving mass
transport properties. Li et al specifically investigated the
impact of carbon fibre on PGM-free catalyst layer, showing that
7.5% of carbon fibre significantly reduced electronic resistance
and improved PEMFC performance (60 mV at 1 A cm™ ) in high
-resistivity catalyst layer.” In fact, carbon black is incorporated
into the catalyst layer in most reported fuel cell studies involv-
ing Fe-N-C catalysts, as a means to improve electrical
conductivity and support efficient catalyst utilization.***°

Beyond catalyst and ink formulation, recent advances in gas
diffusion layer (GDL) design have also shown promise in
enhancing the performance of Fe-N-C-based MEAs. In particu-
lar, quadrilateral-patterned perforated GDLs have been reported

1420 | Energy Adv, 2025, 4,1412-1425

to significantly improve oxygen transport and water manage-
ment, both of which are critical for thick catalyst layers
commonly required in non-precious metal systems.®' More-
over, such hard templates mentioned above can be directly
applied to the catalyst layer and later removed by solvent
treatment to generate uniform macropores within the layer,
which facilitates mass transport—especially in thick Fe-N-C
catalyst layers. Although no direct studies have yet been
reported for Fe-N-C systems, similar approaches have been
extensively explored for catalyst layer engineering, mostly in the
context of Pt/C-based electrodes.?”®® These findings highlight
the importance of structural engineering beyond active site
design and suggest that integrating mass transport-enhancing
strategies, originally developed for Pt-based systems, may hold
great potential for further advancing Fe-N-C-based MEAs.

5. Limitations of RDE testing and the
real-world relevance of Fe—N-C
catalyst

In recent years, numerous Fe-N-C catalysts have demonstrated
superior oxygen reduction activity in rotating disk electrode
(RDE) tests, with some even exceeding the half-wave potentials
of commercial Pt/C catalysts. However, when Fe-N-C catalysts
are applied into PEMFCs, they often exhibit significantly poorer
power densities and durability than their Pt-based catalysts.
This contrast illustrates a fundamental disconnect between
activity and fuel cell performance. The discrepancy arises from
the vastly different reaction environments - RDE measurements
reflect thin-film kinetics in a well-controlled electrolyte, while
MEA operation involves complex mass transport, water man-
agement, ionomer interactions, and ohmic losses within a
thick heterogeneous electrode. Understanding the cause of this
performance gap is thus essential for translating laboratory

© 2025 The Author(s). Published by the Royal Society of Chemistry
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breakthroughs in Fe-N-C catalysis into realistic fuel cell
application.

Recent studies highlight several strategies to bridge the
performance gap between rotating disk electrode (RDE) tests
and membrane electrode assembly (MEA) fuel cell performance
for Fe-N-C catalysts. (1) Ionomer—catalyst interface optimiza-
tion: improving the interaction between proton-conducting
ionomer binders and Fe-N-C surfaces can greatly enhance
catalyst utilization. For example, trace bromide doping of
Fe-N-C was found to promote uniform ionomer coverage and
penetration into catalyst particles, accelerating proton access
and interfacial charge transfer.*® (2) Hierarchical porous struc-
ture design: Engineering multi-scale porosity (micro-, meso-,
and macropores) in Fe-N-C increases active site exposure while
alleviating O, transport limitations. Introducing mesopores
(e.g. via templating or chemical etching) yields smoother gas
diffusion and has enabled record-high fuel cell power densities
for single-atom Fe-N-C catalysts.*"**%> (3) Electrode thickness
and compaction tuning: Optimising the catalyst layer thickness
and its compaction (e.g. by calendaring) is critical for PGM-free
cathodes. Fe-N-C cathodes typically require high loadings
(~3-6 mg cm™?) which, if too thick or poorly compacted, suffer
from O, transport and proton diffusion resistances.*" Careful
control of layer thickness, porosity and compression can miti-
gate mass-transport losses while ensuring sufficient active site
utilisation.

In addition to improving structure and interfaces of the
catalyst layer, developing better electrochemical evaluation
methods is crucial to accurately assess the practical perfor-
mance of Fe-N-C catalysts in fuel cells. Two advanced half-cell
techniques, the gas diffusion electrode (GDE) and the floating
electrode (FE) method, have been developed to solve the limits
of traditional RDE tests. Both the GDE and FE technique
provide a more accurate assessment of catalyst performance
than traditional RDE testing. Unlike RDE, which is limited by
oxygen diffusion in liquid electrolyte, these techniques operate
under high mass-transport conditions. GDE half-cell test effec-
tively removes RDE diffusion limits by diffusing the gas
through a Gas Diffusion Layer to the catalyst layer, providing
reproducible and comparable activity data; this has now been
extended to higher temperature and pressure conditions for
more realistic PEMFC catalyst evaluation. The floating elec-
trode technique is another half-cell technique which provides a
more realistic way to test catalysts under high mass-transport
conditions, much closer to how they actually work in fuel cells.
The setup uses a thick polycarbonate track-etched (PCTE)
membrane, about 12 um thick, coated with a 100 nm gold
layer to make it conductive. A very think catalyst film (around
0.6 pum) is deposited near the pores, which are made hydro-
phobic using PTFE. This structure creates a well-connected
network which allows effective oxygen transfer and removal of
water produced. The design also exhibits low electronic resis-
tance and high proton conductivity.®® Overall, the GDE test
better reflects the real fuel cell operation by including ionomer
effects and triple-phase boundaries, while the FE technique
reveals the intrinsic catalytic activity of the material. Overall,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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they offer a more reliable evaluation of Fe-N-C catalyst behav-
iour, bridging the gap from half-cell to fuel cell (Fig. 8).

6. Summary and perspective

Although significant progress has been made in enhancing the
activity and site density of Fe-N-C catalysts, their overall per-
formance in proton exchange membrane fuel cells (PEMFCs)
still falls short of practical requirements, particularly under
high potentials and dynamic cycling conditions. As such,
Fe-N-C remains far from commercial readiness. Nevertheless,
due to their outstanding electrochemical properties, low cost,
and structural tunability, Fe-N-C catalysts are still regarded as
one of the most promising non-precious catalyst candidates for
oxygen reduction reaction. To enable their widespread applica-
tion in fuel cells, several critical issues must be addressed,
including poor durability and limited mass transport property
under real-world operating conditions.

Recent strategies, including hydrogen treatment, ammonia
compounds, and nitrogen-rich additives, have achieved notable
improvements in catalytic activity and stability. However, the
scalability of large-scale production remains a major obstacle.
Laboratory-scale synthesis methods, such as chemical vapor
deposition (CVD), have proven effective in fabricating high-
performance catalysts. Yet, translating these approaches into
industrial-scale production—especially at the level of hundreds
of grams of Fe-N-C materials, requires overcoming barriers
related to precursor cost, reactor size and design limitations,
waste disposal and ensuring consistent catalyst quality.
In contrast, the impregnation-pyrolysis route is, at present,
the most practical pathway for scaling high-loading, high-
performance Fe-N-C catalysts—particularly when coupled with
the Section 2 strategies (e.g., coordination/environment tuning)
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and the Section 4 hierarchical porosity engineering, offering a
comparatively straightforward path to larger-scale production.

Looking forward, research efforts should move beyond
material-level activity optimization toward the rational design
of hierarchical porous structures and integrated optimization
of membrane electrode assemblies (MEAs). Constructing micro-,
meso-, and macro-porous networks within Fe-N-C catalysts can
synergistically promote reactant adsorption, ion diffusion, and
gas transport across multiple length scales, thereby alleviating
mass transfer limitations and significantly enhancing catalytic
efficiency and durability under realistic fuel cell operation.
Moreover, precise engineering of the triple phase interface,
coupled with the application of advanced in situ characteriza-
tion techniques to reveal degradation pathways practically,
will be critical for ensuring long-term operational stability.
In addition, addressing scalability and catalyst evaluation
method developed are crucial. Process optimization, the use
of low-cost precursors, and the establishment of standardized
testing protocols will play import roles in narrowing the gap
between laboratory research and commercial application.

Finally, the successful deployment of Fe-N-C catalysts in
fuel cells will depend not only on the design of active sites but
also on the engineering of hierarchical porous architectures,
integrated with multidisciplinary engineering solutions to guar-
antee durability and economic viability. As these challenges are
progressively resolved, Fe-N-C catalysts hold great promise in
advancing next-generation clean energy technologies and accel-
erating the global transition toward carbon neutrality.
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