J Mater Sci (2025) 60:2199-2223

Review

®

Check for
updates

Recent advances on support materials for enhanced
Pt-based catalysts: applications in oxygen reduction
reactions for electrochemical energy storage

Feng Zhan', Lingyun Huang', Yue Luo', Muyang Chen?, Rui Tan?>*, Xinhua Liu®*, Gang Liu*, and
Zhiming Feng®*

"School of Resources, Environment and Materials Science, Guangxi University, Nanning 530004, China
2 Department of Chemical Engineering, Swansea University, Swansea SA1 8EN, UK

3School of Transportation Science and Engineering, Beihang University, Beijing 100191, China
*#IDTECH (Suzhou) Co., Ltd., Suzhou 215217, China

% School of Chemical Engineering, The University of Manchester, Manchester M13 9PL, UK

Received: 25 September 2024 ABSTRACT

Accepted: 2 January 2025 As the demand for sustainable energy solutions grows, developing efficient
Published online: energy conversion and storage technologies, such as fuel cells and metal-air bat-
15 January 2025 teries, is vital. Oxygen Reduction Reaction (ORR) is a significant limitation in

electrochemical systems due to its slower kinetics. Although Pt-based catalysts are
© The Author(s), 2025 commonly used to address this challenge, their high cost and suboptimal perfor-

mance remain significant obstacles to further development. This review offers a
comprehensive overview of advanced support materials aimed at improving the
efficiency, durability, and cost-effectiveness of Pt-based catalysts. By examining a
range of materials, including mesoporous carbon, graphene, carbon nanotubes,
and metal oxides, the review clarifies the relationship between the structural
properties of these supports and their influence on ORR performance. Addition-
ally, it discusses the fundamental characteristics of these materials, their practical
applications in fuel cells, and explores potential solutions and future directions
for optimizing Pt-based catalysts to advance sustainable energy conversion tech-
nologies. Future research could focus on nano-engineering and composite mate-
rial development to unlock the full potential of Pt-based catalysts, significantly
enhancing their economic viability and performance in energy applications.

Handling Editor: Pedro Camargo.

Address correspondence to E-mail: rui.tan@swansea.ac.uk; liuxinhual9@buaa.edu.cn; zhiming.feng@manchester.ac.uk

https://doi.org/10.1007/s10853-025-10606-1 A Springer


http://orcid.org/0000-0002-5882-9626
http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-025-10606-1&domain=pdf

2200

Introduction

Renewable energy technologies are essential for
achieving global net-zero emissions targets, provid-
ing sustainable alternatives to conventional energy
sources that often result in significant carbon emis-
sions, environmental damage, and the depletion of
natural resources [1-5]. Among these technologies,
electrochemical energy systems such as fuel cells and
metal-air batteries play a crucial role in energy con-
version and storage due to their high efficiency and
low environmental impact [6-9]. The Oxygen Reduc-
tion Reaction (ORR) is fundamental to electrochemical
energy systems, particularly in fuel cells and metal-air
batteries, where it underpins the cathodic process [10,
11]. For example, Fuel cells (FCs) play a pivotal role
in addressing global energy challenges, particularly in
the pursuit of net zero emissions [12, 13]. By providing
efficient, sustainable, and scalable energy conversion
technologies, fuel cells are integral to the transition
towards greener energy systems. They offer significant
advantages over conventional energy technologies,
including higher efficiency, reduced environmental
impact, and the ability to utilize diverse fuel sources
[14]. Emphasizing the importance of advancing fuel
cell technology is crucial for meeting the growing
demands for clean energy solutions and achieving
the ambitious goals set for carbon neutrality [15]. FCs
are electrochemical energy conversion devices that
generate electricity through reactions between fuel
and oxidants [16-18]. A typical H,-O, fuel cell uses
hydrogen as the fuel and oxygen as the oxidant. In this
system, the hydrogen oxidation reaction (HOR) occurs
at the anode, while the ORR takes place at the cathode.
The ORR is notoriously slow, with a typical reaction
current of 1x 107" mAecm™, which is substantially
slower, seven orders of magnitude lower than that of
the HOR at the current of 1 x 10° mA cm™. This signif-
icant difference underscores the ORR’s crucial impact
on the overall efficiency and effectiveness of the fuel
cell, making it a decisive step in the energy conversion
process [19-21]. Consequently, extensive research has
been focused on enhancing the performance of cath-
ode catalysts to address the bottleneck [18, 22, 23].
Electrocatalysts offer several advantages over tradi-
tional chemical catalysts, including higher energy effi-
ciency as they operate at lower temperatures, greater
selectivity that minimizes unwanted byproducts, and a
reduced environmental impact [24, 25]. These benefits
make them particularly valuable in renewable energy
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applications, such as water splitting and carbon diox-
ide reduction, facilitating the integration and storage of
renewable energy. Additionally, electrocatalysts tend to
be more reusable and stable, enhancing their practical-
ity for long-term industrial processes [26-28]. Besides,
recent studies have underscored the significance of
anion vacancies in improving the electrocatalytic effi-
ciency of water splitting technologies. These vacancies
enhance the adsorption and dissociation of water mol-
ecules, critical for efficient H, and O, production [29].
By altering the electronic structure of catalysts, anion
vacancies reduce the overpotential required for both
the OER and hydrogen evolution reaction (HER), thus
boosting energy efficiency and catalyst stability. This
introduction briefly reviews key findings on the role of
anion vacancies in water electrolysis, highlighting their
impact on advancing sustainable hydrogen produc-
tion [30]. Among various catalysts, platinum (Pt) and
its alloys are distinguished for their superior catalytic
properties, significantly lowering overpotentials in the
ORR and enhancing energy efficiency [31]. Pt-based
electrodes are crucial for catalyzing the Oxygen Reduc-
tion Reaction (ORR) in fuel cells, yet they face signifi-
cant challenges including susceptibility to poisoning by
carbon monoxide, which inhibits catalytic activity, high
costs due to platinum’s scarcity, and durability concerns
under operational conditions [32, 33]. Despite these
drawbacks, the advantages of Pt-based electrodes, such
as their unmatched catalytic efficiency, exceptional elec-
trochemical stability, and improved scalability through
nanostructuring-make them indispensable in advanc-
ing fuel cell technology [34]. The extensive use of Pt-
based catalysts is limited by their high cost, scarcity, and
decreased durability under the demanding conditions
of fuel cell operations [35, 36]. Furthermore, the cathode
typically requires three to five times more platinum than
the anode, underscoring the urgent need for more effi-
cient and sustainable catalytic alternatives. In the pro-
duction of fuel cells, Pt-based catalysts represent a sig-
nificant cost component, accounting for 30-45% of the
total expenses [37]. To mitigate these costs and enhance
ORR efficiency, considerable research has been directed
towards innovative catalyst solutions, including the
development of non-precious metal catalysts, transi-
tion metal-nitrogen-carbon (M-N-C) catalysts [38—40],
and novel catalyst structures that reduce Pt content [41,
42]. For example, doping non-precious metals, such as
3d transition metals (Fe, Co, and Ni) into Pt is an effec-
tive method [43—45]. These Pt-based catalyst nanoparti-
cles not only reduce Pt but also exhibit unprecedented
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electrocatalytic performance by enhancing the activity
and stability of ORR kinetics through unique electronic
effects [46, 47]. In addition to modifying catalyst compo-
nents, advanced catalyst structures, such as core-shell
structures [48], hollow structure [49, 50], nanomate-
rial structures [51], etc. By controlling the size of the Pt
nanoparticles, the reaction surface area of the Pt-based
cathode catalyst can be fully utilized, thereby reducing
ORR to a level that is not hindered by specific activities.
Building on these developments, single-atom catalysts
(SACs) have also emerged as a significant advancement
[52]. These catalysts optimize the use of precious met-
als like platinum by dispersing individual atoms on
suitable supports, such as graphene or nitrogen-doped
carbon. This atomic dispersion maximizes the active
surface area and enhances electrochemical performance,
particularly in ORR [53, 54].

Recent advancements in support materials have
enabled the creation of innovative designs, such as
core—shell, hollow, and nanomaterial structures [55].
These sophisticated configurations maximize the
active surface area of Pt nanoparticles, enhance sta-
bility, and boost the efficiency of catalytic processes,
making them vital for the development of more effec-
tive and sustainable fuel cell technologies.

This review provides a comprehensive overview of
recent advancements in support materials for Pt-based
catalysts, elucidating the relationship between their
structural properties and enhanced electrochemical
performance, particularly under acidic conditions.
Focusing on Pt-based electrocatalysts, this examina-
tion highlights their comparatively higher ORR activ-
ity and stability in the acidic and oxidizing environ-
ments of PEMFC cathodes. Mechanistic insights into
these catalytic support materials and their practical
applications in fuel cells will also be explored. Fur-
thermore, the review discusses prospective solutions
and future directions for developing novel support
materials to improve the efficiency of Pt-based cata-
lysts, ultimately bringing PEMFCs closer to commer-
cial application.

Fundamentals of oxygen reduction
reaction

ORR is a process where oxygen molecules accept elec-
trons to be converted into water or hydroxide ions. The
efficiency and rate of this reaction impacts the perfor-
mance and efficiency of batteries. The kinetics of ORR

are complex, and the reaction pathways and products
are influenced by the properties of the electrode mate-
rials, the activity of catalysts, and the properties of the
electrolyte. As aforementioned, cathode catalysts typi-
cally require a higher loading of Pt compared to anode
catalysts [56, 57]. To better evaluate catalytic behavior
and understand ORR properties, physical, chemical
and electrochemical characterization methods are gen-
erally combined to provide reliable metrics.

Reaction mechanism

In an acidic electrolyte, there are two main possible
pathways for the ORR process at varied standard
potentials [58]. One is a fast one-step four-electron
(4e”) pathway with a constant electrode potential
Ey=1.23 V, where each oxygen molecule acquires
4e” to produce water. The other is a slow two-step two-
electron (2e”) pathway with a stand electrode poten-
tial E;=0.682 V, where each oxygen molecule acquires
2e” to produce H,O,. The overall charge transfer reac-
tion depends on the chemistry of the electrolyte. The
mechanisms of the 2- and 4-electron pathways are as
follows.

4e"ORR : O, +4H" +4e™ - 2H,0 1)
Ze_ORR . 02 + 2H+ + 26_ d H202 (2)
H,0, + 2H" + 2~ - 2H,0 (3)

The electrochemical reaction of a fuel cell is deter-
mined by the ORR at the cathode. In fuel cell appli-
cations, it is important to avoid the 2e” pathway and
achieve the efficient 4e” pathway to maximize fuel cell
performance.

In the ORR, the rate-determining step (RDS) is the
slowest step of the reaction process that controls the
overall reaction rate [59]. ORR can proceed through
different electron transfer pathways, including four-
electron and two-electron pathways. Understanding
which step acts as the rate-determining step is crucial
for designing more effective catalysts and improving
reaction efficiency [60]. For example, in the four-elec-
tron pathway of reactions, the rate-determining step
varies with the pH of the solution: in alkaline condi-
tions, the reduction of hydrogen peroxide to water
tends to be the rate-determining step, whereas in
acidic solutions, the transfer of the first electron gen-
erally acts as the limiting step.
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For ORR, kinetic barriers represent critical energy
thresholds that must be surpassed to advance the reac-
tion, directly influencing the reaction’s rate [61]. These
barriers are often related to the rate-determining steps
discussed earlier. Specifically, in the ORR, such bar-
riers can encompass the energy required for electron
transfer, the adsorption and desorption processes at
the catalyst’s active sites, and the stability and conver-
sion efficiency of reaction intermediates [62]. Each of
these factors plays a significant role in determining
how efficiently and quickly the reaction proceeds.

To effectively address the kinetic barriers in cata-
lytic reactions, such as those encountered in the ORR,
a variety of strategies can be adopted [63]. These
approaches are designed to enhance reaction kinet-
ics and overall efficiency by tackling the challenges
at the molecular level. For instance, catalyst design
is crucial; developing new catalysts like alloys, sin-
gle-atom catalysts, or non-precious metal catalysts
can provide more active sites and facilitate better
electron and proton transfers. Surface modification
of catalysts, through techniques like increasing sur-
face roughness or introducing functional groups, can
also significantly enhance adsorption and desorption
capabilities, effectively lowering the energy barriers
associated with these processes [64]. Additionally,
the use of additives can alter electrolyte properties
and improve interactions at the electrolyte—electrode
interface, thereby boosting the reaction rate and effi-
ciency. Lastly, optimizing the electrode design, such
as employing porous or three-dimensional structures,
can increase the effective surface area available for
reactions, thereby enhancing the reaction rates. These
integrated strategies help surmount the kinetic bar-
riers, paving the way for more efficient catalytic pro-
cesses [65].

Figure 1 displays the ORR activity of various metal
catalysts as a function of their changes in standard elec-
trode potential (AE,), derived from Density Functional
Theory (DFT) calculations [66]. DFT is a widely used
computational method for predicting and analyzing the
energy properties of materials. The volcano plot reveals
that Pt achieves peak ORR activity at an optimal oxygen
binding energy. DFT analyses provide detailed insights,
showing that a Pt monolayer on Ni, Co, or Fe substrates
results in oxygen binding energies of 1.89 eV, 2.00 eV,
and 2.06 eV, respectively. Such variations indicate that
altering Pt’s surface composition significantly impacts
its catalytic performance. Particularly, a Pt skin on a
Pt;Co(111) substrate has an oxygen binding energy that
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Figure 1 Volcano-type correlation of ORR activity with oxy-
gen-binding energy across different metal catalysts in alkaline
media. Reproduced with permission from reference [66]. Copy-
right 2004, American Chemical Society.

is 0.38 eV lower than that on pure Pt(111), which is asso-
ciated with enhanced ORR activity, as corroborated by
experimental results [67].

Electrochemical properties and evaluation
techniques

Electrochemical properties can be tested in three-elec-
trode electrochemical cells using various methods, such
as cyclic voltammetry (CV) and linear scanning voltam-
metry (LSV) [68]. The polarization curves of the catalysts
can be obtained by LSV, where the half-wave potential
(Eq)p) of these curves indicates the ORR kinetics of the
catalysts. ORR activity is usually calculated using LSV
measurements. ORR activity can be described by mass
activity (A/mgp,) —activity per unit of catalyst mass,
indicating effective utilization of the catalyst material;
and specific activity (mA/cm?)—activity per unit electro-
chemical surface area, indicating the inherent reactivity
per unit area of the catalyst surface. To measure ORR
activity, the electrochemical properties of the catalyst
layers are objectively evaluated and compared using the
Koutechky-Levich Eq. 4.

1 1
+
Ik~ 0.62nFCyDyY*v-1/61/2 (4)

where I and I; represent the limiting diffusion current
and the kinetically controlled reaction current, respec-
tively; n is the number of electrons transferred in the
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reaction; F is the Faraday constant; Dy is the diffusion
coefficient of O, in 0.1 M HCIO,; Cy is the oxygen con-
centration; v is the kinetic viscosity in 0.1 M HCIO,; w
is the rotational angular velocity. The I, in the formula
is corrected before use by the Eq. 5.

_ Ly X T

L =
£ Ilim -1 (5)

For example, when the potential is swept from 0.05 to
1V vs. RHE, I};,,, denotes the limiting diffusion current
tested at 0.4 V and I denote the limiting diffusion current
tested at 0.7 V.

An important parameter in assessing the kinetics of
ORR is the Tafel slope (mV/dec). A smaller Tafel slope
indicates more significant ORR kinetics. The Tafel slop
is calculated from the slope of E ~log ;| curve using
the Tafel analysis and the Koutechky-Levich analysis
[69].

dE

° = T o] ©

where E is the electrode potential; — indicates a reduc-
tion reaction and + an oxidation reaction.

Electrochemically active surface area (ECSA)
typically degrades over the working life of Pt-based
catalysts due to Ostwald ripening, agglomeration of
Pt nanoparticles, and corrosion of the carbon sup-
port [70]. There are three methods to evaluate ECSA,
including CO-stripping [71], cyclic voltammetry via
underpotential deposition of hydrogen (Hypa) [72] and
underpotential deposition of copper (Cuypq) [73]. CO-
stripping requires a low concentration of H, during
operation to avoid the artifact of CO-stripping charge,
i.e. CO adsorption on Pt, which inhibits HOR and
leads to H, accumulation in the cathode, resulting in
an error when testing the current. Cu,,4 cannot make
continuous measurements on a single sample because
the samples must be cleaned after testing, and it is typ-
ically used to determine the Ru content on the surface
of Pt-Ru alloys, which is difficult for other Pt-based
cathode catalysts and therefore rarely used. Measure-
ments using CV by H,,4 involve multiple activations
at a given scan rate, and then the ECSAp, 4 is calcu-
lated from the Coulombic charge (Q,) accumulated
during hydrogen uptake and desorption using the
equation:

Qp

ECSA;,, (cm?) = —
Hupd Mp; X gy,

)

where Mp, is the mass of metal-loaded Pt on the cata-
lyst and g}, is the charge required to adsorb hydrogen
on the platinum surface monolayer.

Typically, Hpq test results for ECSA on Pt-based
alloy catalysts are lower than these obtained via CO-
stripping. This discrepancy is primarily due to con-
taminants such as O, in the gas line, which may react
with oxidized surfaces to generate CO, subsequently
increasing the detected CO vapor charge and partially
overlapping the H,4 detection range. Consequently,
it is imperative to calibrate the equipment accurately
during experimental procedures. In their study, Bruna
F et al. [74] assessed the ECSA of Pt/C catalysts using
both CO-stripping and H,,4 techniques within an elec-
trolyte solution of 0.1 mol/L HClO,. They observed
that ECSA values derived from CO-stripping were
initially higher than those from H,,,4 but exhibited a
pronounced decline as the number of cycles increased
(Fig. 2a). This decrease in ECSA may be attributed to
surface reorganization triggered by the solution polar-
ization of Pt in the presence of CO.

Various methods were used for both physical and
electrochemical characterizations. The electrochemical
properties of Pt-based catalysts can be evaluated by
several techniques, including the rotating disk elec-
trode (RDE), floating electrode technique (FET), and
rotating ring disk electrode (RRDE) [75]. Among these,
RDE and RRDE are the most widely used due to their
good reproducibility and the ease of reaching steady
state [76].

The RDE generally consists of a working electrode,
a reference electrode (RE) and a counter electrode,
immersed in a solution. The solutions can be classified
as alkaline and acidic electrolytes [77, 78]. Commonly
used alkaline electrolytes are KOH, NaOH, etc. while
acidic electrolytes include HC1O,, HCI, H,SO,, etc. In
acidic conditions, anions can be adsorbed on the active
site of catalysts, affecting the ORR performance. To
avoid ions interfering with performance and electri-
cal conductivity, high-purity HCIO, with small ion
adsorption and moderate concentration (0.1 mol/L)
is generally chosen. The HCIO, electrolyte should be
replaced frequently, as dilute perchloric acid decom-
poses over time into CI”, which has a stronger adsorp-
tion capacity than CIO, [79].

Physical characterization is also crucial for investigat-
ing the catalyst morphology, activity and fundamental
kinetics under operating conditions. High-precision
physical characterizations can be combined with elec-
trochemical techniques, facilitate detailed studies of

@ Springer
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Figure 2 a Measurement of ECSA by H,,q and CO stripping
in 0.1 mol/L HCIO, electrolyte solution. Reproduced with per-
mission from reference [74]. Copyright 2022, Elsevier. b and ¢
Initial particle delocalization of PtNi nanoparticles showing octa-
hedral shape with strong faceted shape in the (111) plane and

specific surface and three-dimensional morphologies
at designated potentials. Vera et al. [80] employed an
in situ electrochemical liquid cell integrated with scan-
ning transmission electron microscopy (STEM) to ana-
lyze carbon corrosion and elucidate the degradation
mechanisms of front-shaped Pt-Ni alloy nanoparticles
supported on carbon substrates. Both the migration
and detachment of Pt and Ni particles can result in a
reduction of the ECSA, leading to decreased electrode
activity and consequently a loss of power in the PEMFC.
Additionally, carbon corrosion under high potential
facilitates particle migration, as evidenced in STEM
images of Pt-Ni nanoparticles before and after the test
(Fig. 2b—c). It was observed that Pt-Ni nanoparticles,
initially uniformly distributed on the (111) surfaces of
carbon supports, agglomerated post-testing. These par-
ticles exhibited slight concave edges and cuts, indicating
that these facets are relatively enriched in nickel, which
erodes more rapidly during acid and electrochemical
treatment, ultimately leaving a Pt-rich surface. Amirk-
oushyar et al. [81] used two imaging modes, bright-field
(BF) STEM and high-angle annular dark-field (HAADF)
STEM, to electronically analyze the Pt/C catalysts. BF
STEM is utilized to detect lighter elements and pri-
marily characterizes carbon, whereas HAADF STEM,
being sensitive to the atomic number of elements, pre-
dominantly characterizes Pt. During the analysis of
Pt/C catalysts, both sets of STEM images are captured
simultaneously to gather complementary information.
However, the original images often contain artifacts
that result in blurriness. To mitigate these artifacts and
enhance the characterization of carbon and platinum,
a model-based iterative reconstruction with adaptive
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delocalization after 40 electrochemical voltammetry cycles with
curved face shape and aggregation of Pt particles. Reproduced
with permission from reference [80]. Copyright 2019. Royal
Society of Chemistry.

regularization (MBIR-ARAR) method is proposed.
This approach integrates an adaptive regularization
step into the standard MBIR process. Two correction
techniques are compared, whereby images of Pt and C
are separately reconstructed in the X-Y and X-Z planes
to eliminate streaks and artifacts. This methodology
facilitates a clearer visualization of the distribution of
Pt nanoparticles and pores within the carbon supports,
providing crucial insights into the kinetic dynamics of
the Pt catalysts.

Support materials for Pt-based catalysts

The catalyst and membrane-electrode assembly (MEA)
constitute the core components of PEMFCs. The cata-
lyst layer (CL) comprises the catalyst, catalyst support,
and electrolyte membrane [82, 83]. The microstructure
of the CL governs the transport properties of electrons,
protons, reactants, and products, which directly influ-
ence cell performance. Catalysts employed in these sys-
tems include Pt and Pt-based alloys, Pd and Pd-based
alloys [84, 85], non-precious metal catalysts such as Fe
and Co, and non-metallic catalysts [86, 87]. Electrolyte
membranes facilitate proton conduction from the anode
to the cathode while also serving as barriers to electron
transport. Within the CL, the catalyst support plays a
pivotal role in hosting the reactions, forming a three-
phase boundary (IPB) [85], where both the HOR and
ORR transpire at the interfaces of the anode and cathode
CL, respectively.

Anodic reaction : 2H, — 4H" + 4e” (8)
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Cathodic reaction : O, + 4H* + 4e~ - 2H,0

©)

Catalyst supports are predominantly categorized
into carbon-based and carbon-free types. Carbon-sup-
ported Pt is the most utilized variant, where the car-
bon support significantly influences the structural and
performance characteristics of catalysts [88]. Carbon
materials possess intrinsic properties such as porosity,
a high surface area, and excellent electrical conductiv-
ity. These characteristics not only facilitate the uniform
dispersion of the active metal but also provide ample
space for electron conduction and gas diffusion, cru-
cial for optimizing catalyst function.

Critically, the formation of coordination bonds
between the d-orbitals of Pt and the p-orbitals of the
carbon support facilitates direct metal-support inter-
actions, which effectively lower the Fermi energy
level. This reduction in Fermi energy enhances cat-
alytic activity, thereby substantiating the premise
that carbon materials are optimally suited as sup-
ports for catalysis [89]. Carbon support structures
encompass a variety of forms including carbon black
[90], mesoporous carbon [91], graphene [92], carbon
nanotube(CNT) [93], carbon nanofiber (CNF) [94],
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Figure 3 a XRD patterns of PtNi, PtNi/CNT and PtNi/CNF.
©2022, MDPI. b ORR polarisation curves of PtNi/CNT, PtNi/
CNF and Pt/C catalysts in O, saturated 0.1 M HCIO, solution.
Reproduced with permission from reference [96] Copyright
2022, MDPI. ¢ Schematic of strong metal-support interactions.
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among others. These different carbon support struc-
tures significantly influence the ORR activity and
durability of the catalyst layer [95]. Juan C et al. [96]
investigated the effects of various carbon supports
by loading PtNi alloy catalysts on CNTs and CNFs,
producing PtNi/CNT and PtNi/CNF composites. Fig-
ure 3a displays the XRD patterns of unloaded PtNi
nanoparticles alongside those loaded on CNTs and
CNFs. Notably, the XRD patterns of the loaded PtNi
nanoparticles exhibit an additional Bragg reflection at
25.71°, corresponding to the characteristic peak (002)
of carbon materials used as supports. The ORR activi-
ties of the PtNi/CNT, PtNi/CNF, and Pt/C catalysts
were evaluated using the RDE technique, recording
half-wave potentials (E,,) of 0.89, 0.87 and 0.89 V vs
RHE, as shown in Fig. 3b.

However, carbon supports are susceptible to inevi-
table corrosion issues that compromise their stability
and longevity [97, 98]. The carbon corrosion process
typically results in the production of CO, or CO,
which diminishes the quantity of carbon remaining
in the support. Notably, the electrochemical oxidation
of carbon is observed to commence at a potential of
0.207 V.
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Reproduced with permission from [101]. Copyright 2020, Royal
Society of Chemistry. d Variation of d-band center values of Pt
loaded on different metal oxide supports. Reproduced with per-
mission from [102]. Copyright 2021, American Chemical Soci-
ety.
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C+2H,0 — CO, +4H* +4e~(0.207V,25°C)  (10)

In practical applications, CL is integrated into a
MEA, where the operational voltage exceeds the corro-
sion potential of the carbon support, rendering carbon
corrosion an unavoidable phenomenon. Typically, the
average output voltage of the MEA is greater than 0.6
V. During operation, the carbon support undergoes
further oxidation, leading to the formation of CO. This
reaction product, CO, induces structural modifications
in the Pt nanoparticle catalysts, a detrimental effect
known as CO poisoning.

C+H,0 — CO +2H* +2¢7(0.518V, 25 °C) (11)

Conversely, electrochemical induction facilitates the
formation of oxygen functional groups on the carbon
surface, precipitating the degradation of the carbon
support. This degradation process contributes to the
detachment of Pt nanoparticles and subsequent cata-
lyst failure. The underlying mechanisms of this deg-
radation include Ostwald ripening, particle agglom-
eration, and the dissolution and reprecipitation of Pt
in the dissociative phase [99, 100]. Collectively, these
phenomena result in a decrease in ECSA and dimin-
ished performance of the PEMFC.

The performance of carbon support can be enhanced
through various strategies tailored to their specific
properties. Key approaches include: (1) enhancing the
durability of the CL by altering the carbon structure
to minimize corrosion, thereby extending the opera-
tional lifespan of proton exchange membrane fuel cells
(PEMEFCs); and (2) increasing the intrinsic activity of
the ORR by doping carbon supports with heteroatoms
such asN, S, P, and B.

An alternative strategy involves employing non-
carbon substrates, including nitrides [101], borides,
mesoporous Si0,, conducting polymers [103] and tran-
sition metal oxides (MO,, M=Ti, Ta, Sn, W, Y, Zr, etc.)
[104]. Among these, transition metal oxides are par-
ticularly noteworthy due to their strong resistance to
chemical and electrochemical oxidation, significantly
enhancing the durability and stability of catalysts. As
shown in Fig. 3¢, metal oxide supports and loaded
metal nanoparticles experience robust metal-support
interactions (SMSI), which markedly enhance catalytic
activity. When NPs are supported on metal oxides, the
supports donate electrons to the Pt NPs through SMSI
effects, resulting in varied shifts in the d-band cent-
ers of Pt. These specific catalyst-support interactions
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during the nucleation and growth of Pt NPs can be
elucidated through density functional theory (DFT)
analysis. The downward shift in the d-band centers of
Pt atoms on the catalyst surface reduces the binding
energy between Pt and oxygen-containing interme-
diates, thereby facilitating the desorption of reaction
intermediates and modifying ORR activity. Fuma et al.
[102] engineered Pt NPs on various metal oxides and
manipulated the d-band center of Pt by adjusting the
ratio of different metals. As shown in Fig. 3d, the ORR
activity and the d-band center of Pt exhibit a “volcano”
relationship. Initially, as the d-band center decreases,
ORR activity increases, reaching a peak before subse-
quently declining. The peak ORR activity occurs when
the d-band center is at -3.59 eV, with the optimal cata-
lyst material being Pt/TiNbO, (Ti/Nb =1:6.6).

To optimize the utilization of metal oxides as cata-
lyst supports, two primary strategies are employed:
(1) doping with rare earth metals or additional transi-
tion metals to induce unique electronic effects, and (2)
forming composites with carbon to enhance electronic
conductivity. Among various oxides, TiO, stands out
due to its exceptional corrosion resistance and rela-
tively high electrical conductivity compared to other
oxide materials. Consequently, this paper will also dis-
cuss advancements in employing TiO, as a support
in catalyst development, in addition to carbon-based
materials (Fig. 4).

Mesoporous carbon (MC)

Mesoporous carbon offers significant advantages,
including a high specific surface area and high poros-
ity. These properties not only effectively inhibit the
aggregation of Pt-based nanoparticles (NPs) but also
reduce the Pt loading, thereby lowering the fuel cell
cost. New structures of mesoporous carbon, such as
ordered mesoporous carbon (OMC), have been devel-
oped to enhance performance and durability at low Pt
loadings [105]. The use of OMCs has been extensively
investigated in recent years, focusing on improving the
binding of Pt-based intermetallic NPs to mesoporous
carbon to increase fuel cell durability. To enhance
the activity and durability of Pt-based catalysts for
ORR, Yi Yang et al. [106] prepared PtCo/OMC cata-
lysts using solvent evaporation-induced self-assembly
(EISA) and current substitution, with OMC serving
as the carbon support. The orderly arrangement of
OMC pores allows for uniform distribution of PtCo
NPs. As a result, PtCo/OMC exhibited relatively high
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electrocatalytic activity and stability due to its ordered
mesoporous structure. A control group loaded on Vul-
can@X(C-72 is also established. In electrochemical tests,
PtCo/OMC exhibited a high ECSA value of 88.56 m*/g
and an ECSA retention of 77.5% after 5000 CV cycles,
which is higher than that of PtCo/XC-72 (83.41 mz/g
and 65.5%). The Raman spectra shows that the degree
of disorder in the carbon structure is usually analyzed
by the intensity ratio I/I. The intensity of thed and g
bands of PtCo/OMC is much higher than that of PtCo/
XC-72, suggesting the presence of more sp? and sp°
groups. On the other hand, high d-band values indi-
cate that OMCs are rich in defective structures, which
can provide more active ORR sites. Yifei et al. [107]
prepared PtCo@sOMC-T-1/x catalysts using OMC as
the carbon support, where T represents the annealing
temperature and x denotes the Co content. OMC aids
in ordering the intermetallic compound atoms. By tun-
ing the process flow and elemental composition, it is
found that PtCo@sOMC-900-1/3 has the best kinetic
activity at 0.95V. It has a relatively low d-band center,
and the E,, and ORR activities are significantly higher
than those of other synthetic materials.

In addition to optimizing the MC synthesis process,
modifying carbon supports with dopant elements
such as N, S and P can tune the electronic structure
and benefit the metal—carbon interaction. Yinlei et al.
[108] used ammonium persulfate (APS) as a modi-
fier to convert ordered mesoporous carbon (MC)
CMK-3 into modified ordered mesoporous carbon
(MMC), and loaded Pt;Cu onto the two sets of car-
bon supports to obtain Pt;Cu/MC and Pt;Cu/MMC.
The Raman spectra of these carbon support reveals
that the intensity of both peaks is higher for MMC
than that of MC, and the Ip/I; ratio of MMC is greater

than that of MC, indicating improved graphitization
of MC. The highly graphitized carbon structure fea-
tures enhanced electronic conductivity and corrosion
resistance. LSV curves of Pt;Cu/MMC, Pt;Cu/MC and
JM-Pt/C catalysts with half-wave potentials are in the
order of Pt;Cu/MMC (0.928 V) > Pt,Cu/MC (0.907
V) >JM-Pt/C (0.870 V). Compared to commercial Pt/C
catalysts and undoped modified MC, the electrochem-
ical performance of MMC is improved. As a result, the
Pt;Cu/MMC catalyst exhibited a mass activity of 0.58
A/mgp,, which is 4.8 times higher than that of JM Pt/C
(0.12 A/mgpy).

The successful application of OMC in cataly-
sis strongly validates the effectiveness of using
mesoporous carbon as support materials. However,
the issue of carbon corrosion persists, necessitating the
development of innovative strategies to address this
challenge.

Graphene

To decrease the use of platinum group metals
(PGMs) and boost catalyst durability, researchers
are investigating the use of graphene as a support
for Pt-based catalysts. Graphene effectively lever-
ages its strong adsorption capacity for reactants via
interactions with m-electrons, making it an excel-
lent catalyst support [109, 110]. Graphene is added
to electrolytes to enhance proton conductivity and
increase the output power of the fuel cells. Zipeng
et al. [111] reported a graphene nanopocket design
in which PtCo is encapsulated in a non-contact gra-
phene nanopocket to form a core-shell structure to
obtain a PtCo@Gnp catalyst (Fig. 5a). As shown in
Fig. 5b—c, in the MEA test, the MA and MA residuals
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at the Beginning of Lift (BOL) and End of Test (EOT)
of PtCo@Gnp with a cathode loading of 0.06 mgpgy,/
cm? exceeded the U.S. Department of Energy (DOE)
targets and were much larger than those of com-
mercial Pt/C catalysts and c-PtCo/C. This suggests
that the unique structure effectively inhibits catalyst
aggregation and slows the processes of oxidative
dissolution, diffusion, and Ostwald ripening during
electrochemical reactions. Such characteristics are

(@)

Ultrafine
nanocatalyst
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anticipated to enhance fuel cell durability even at
ultra-low PGM loadings.

Numerous types of graphene-based materials,
known for their high stability and electrocatalytic
capabilities, are being explored as carbon supports
[112, 113]. Recent studies on the properties of gra-
phene-based materials have revealed that metal-free
doped graphene-based catalysts exhibit outstand-
ing ORR catalytic activity. This advantageously

[ soL
] eoL

L DOE target
EOL

MA (A MGagy )

3
o
i <2"‘0
g (©) g
} ]
= G0 |eeeseregereccorrnnnncancacas SReet . - - -
o
SIS .-g < f
Unprotected kS DO(EGD) :
= L targe
5 40 9
]
<
= 20 - ‘ \
Size (nm) 0 - -
N & N
b Q@ °©(">
< O
(d) (e) () <<
001 100
—PptC
> 90 4 : Iy %, 21 —PURGO
o 0005 % E —— PtFe/RGO
& 80 . <
'
E ° S0 .1, E "
> & 4 2
§-ows ----Pt/RGO ﬁSO « PURGO(s) s " ® : & °9
13 n E
: 4 g 401 4 PURGO " £
o -0.01 \1 30 .PtC 2 5 1
- = Pt/RGO(s) [
20 g g v g y J v v T v T T
e 02 04 06 08 1 12 14 0 500 1000 1500 2000 2500 3000 020002 04 0608 10 12
Potential, V (vs. Ag/AgCl) Number of cycle Potential / V

Figure 5 a Schematic representation of ultrafine nanocatalysts
in graphene pockets and their effect on ECSA retention after
ADT. b—c MA test plot and MA retention after 30,000 ADTs
in Pt/C, c-PtCo/C and PtCo@Gnp, in N,-saturated 0.1M HCIO,
solution at a scan rate of 20 mV/s [111]. Reproduced with per-
mission from reference [111]. Copyright 2022, Nature. d CV
plots of Pt/C, Pt/RGO, and Pt/RGO(s) in N,-saturated 1 M
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Ag/AgCl

H,SO, solution with a scan rate of 20 mV/s. e Catalyst ECSA
retention after AST cycling Reproduced with permission from
reference [117]. Copyright 2021, MDPL f CV plots of PtFe/
RGO, Pt/RGO and Pt/C in Nj-saturated 0.5 M H,SO, solution
with a scan rate of 50 mV/s. Reproduced with permission from
reference [118]. Copyright 2022, MDPL
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circumvents the issues associated with the dissolution
of metal nanoparticles, thereby potentially reducing
costs and enhancing catalyst durability [114, 115]. Gra-
phene-based materials, such as graphene oxide (GO),
reduced graphene oxide (RGO), and heteroatom-
doped graphene, have also been utilized as carbon
supports and have demonstrated superior proper-
ties [116]. The efficiency of platinum utilization in
catalysts supported on graphene-based substrates is
strongly influenced by the synthesis process and the
type of precursor used. These factors have been the
subject of intensive investigation by researchers. Irina
V et al. [117] synthesized Pt-based catalysts loaded
with RGO, Pt/RGO and Pt/RGO(s) using a conven-
tional two-step polyol process and a modified polyol
process, and compared them with the Pt/carbon black
Vulcan XC-72© Pt/C catalyst. Figure 5d shows the CV
plots. The ECSAs for Pt/C, Pt/RGO and Pt/RGO(s) cal-
culated from Eq. 4 are approximately 54, 48 and 60
m?/gp,, respectively. As shown in Fig. 5e, after 3000
accelerated stress test (AST) cycles, the ECSA residual
rates of Pt/C, Pt/RGO and Pt/RGO(s) are 34, 49.5 and
53.9%, respectively, indicating that the optimized syn-
thesis process transformed RGO into a more ordered
sp? graphite structure, which well suppressed parti-
cle agglomeration and dissolution. Bathinapatla et al.
[118] prepared bimetallic PtFe NPs loaded on RGO by
a simple surfactant-free chemical reduction method
and compared them with Pt and commercial Pt/C cata-
lysts loaded on RGO. As shown in Fig. 5f and g, the
calculated ECSAs of Pt/C, Pt/RGO and PtFe/RGO are
33.52, 37.35 and 39.89 m%/g, respectively. The E,, of
the ORR polarization curves are 0.336, 0.352 and 0.503
V. The enhancement of ORR activity was attributed to
the modification of the carbon supports. Furthermore,
doping Fe into the Pt lattice significantly altered the
electronic structure of Pt. Employing graphene-based
materials in conjunction with bimetals substantially
enhanced the durability of the catalysts.

Carbon nanotube (CNT)

Carbon nanotubes, one-dimensional tubular mate-
rials composed of sp*hybridized carbon atoms, are
extensively utilized in various applications. They are
widely used as catalyst support materials for ORR in
acidic media, PEM fillers [119] and metal-free catalysts
[120]. In carbon nanomaterials, CNTs feature hollow
nanostructures. Their high surface-to-volume ratio
and the low density within the hollow interiors are
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advantageous for exposing catalytic active sites and
facilitating efficient charge transfer. These properties
lead to significant enhancement in electrocatalytic
activity. CNTs can be categorized into single-walled
carbon nanotubes (SWCNTs) and multi-walled car-
bon nanotubes (MWCNTs). SWCNTs consist of a
single layer of graphene seamlessly wrapped in
a cylindrical tube, whereas MWCNTs consist of a
series of SWCNTs of different diameters. MWCNTs
exhibit relatively lower conductivity and increased
surface defects. The presence of more surface defects
enhances their capacity to immobilize nanoparticles
and prevent their aggregation, thereby positioning
MWCNTs as highly promising candidates for cata-
lyst applications [121]. Yu Yao et al. [122] investigated
the effect of sp? carbon material type on catalyst ORR
performance using one-pot ionic liquid pyrolysis
with two ionic liquids, 1-butyl-3-methylimidazo-
lium bis(trifluoromethanesulfonyl)amide ([Cymim]
[Tf,N]) and N,N,N-trimethyl-N- propylammonium
bis(trifluoromethanesulfonyl)amide ([N ; ; 3][Tf,N]),
respectively. Both Pt/MWCNT catalysts are prepared
by loading Pt NPs onto MWCNTs, and the effects
of the two ionic liquids on the size of the Pt NPs are
shown in Fig. 6a. The performances of the two Pt/
MWCNT catalysts are compared with commercially
available Pt/C catalysts. After 15,000 potential cycle
durability tests, the two Pt/MWCNT catalysts achieved
ECSA retention of 75.1% and 92.8% respectively, both
higher than Pt-C (71.1%). In terms of mass activity,
both catalysts demonstrated greater durability than
the commercially available Pt/C catalyst. The results
reveal that the Pt/MWCNT samples synthesized using
ionic liquids exhibit high retention rates. This finding
underscores the potential of ionic liquids as a method
for the synthesis of ORR electrocatalysts that are both
highly durable and stable.

MWCNTs possess numerous defect sites predomi-
nantly located at the edges, ends, and sidewalls of the
nanotubes, making them viable candidates for enhanc-
ing the electrocatalytic activity of ORR. Leveraging
this characteristicc MWCNTs can be doped with impu-
rity elements. These impurities are introduced at the
existing defect sites, creating new defects that alter the
electronic structure of the MWCNTs. Such modifica-
tions not only provide active sites for various electro-
chemical reactions but also improve the conductivity
and overall electrochemical activity of MWCNTs [123,
124]. Phiralang et al. [125] prepared N-doped multi-
walled carbon nanotubes, Mel-NCNT and Hex-NCNT,
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Figure 6 a Schematic representation of the effect of organic
cationic substances in [N 3][Tf,N] and [Cymim][Tf,N] on
the size of Pt NPs. Reproduced with permission from reference
[122]. Copyright 2022, Royal Society of Chemistry. b Table plots
of the ORR of Hex-NCNT, Mel-NCNT and Pt/C in 0.1 M KOH
alkaline solution under O, saturation. ¢ Schematic representa-
tion of the mechanism of the 4e"ORR pathway for the action

using melamine and tetrazolium hexamine as the
nitrogen source, respectively. Mel-NCNT (I /I, =0.99)
showed a higher d-band intensity than Hex-NCNT (I ./
Ip=0.95). As shown in Fig. 6b, the Tafel slope of Mel-
NCNT is obviously smaller than that of Pt/C and Hex-
NCNT, which indicates that Mel-NCNT has excellent
ORR activity and illustrates the good doping effect of
melamine as a nitrogen source. It is also found that the
nitrogen-doped site has the selectivity of the 4e-ORR
pathway, as shown in Fig. 6¢, but the exact principle
remains to be analyzed. Yanfei et al. [126] on the other
hand, synthesized B-N co-doped multi-walled carbon
nanotubes by hydrothermal reaction and calcination
to produce BN-CDs@CNT, as shown in Fig. 6d. Timed
current measurements are carried out in an alkaline
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solution of 0.1 M KOH at a constant potential of 0.7
V for 10 h. As shown in Fig. 6e, after 10 h of testing,
the current density of BN-CDs@CNT is 76%, while
that of Pt/C decreased to 52%. The results indicated
that the BN-CDs@CNT catalysts possessed excellent
ORR performance and cycling stability. According to
DEFT calculations, nitrogen and boron doping in CNTs
can enhance the reactivity of platinum on the CNT
surface. It is anticipated that carbon catalysts doped
with multiple elements will demonstrate a synergis-
tic effect superior to that of singly doped carbon cata-
lysts. Specifically, when loaded with platinum, these
multi-element doped catalysts are expected to achieve
enhanced ORR performance with reduced platinum
loading.
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MWCNTs are extensively utilized across various
fields, particularly as catalyst supports in fuel cells.
Attaching NPs to the smooth and chemically inert sur-
faces of sp>-bonded carbon materials poses significant
challenges. Furthermore, the wrapping layers of CNTs
can experience considerable corrosion during fuel cell
operation. By doping with impurity elements, these
issues can be effectively mitigated, enhancing the cor-
rosion resistance of MWCNTs and thereby improving
the longevity and performance of fuel cells.

Carbon nanofiber (CNF)

Carbon nanofibers serve as catalyst support, capital-
izing on their unique porous structure to enhance the
transport of gases, liquids, and electrons. Further-
more, the carbon atoms located at the edges of CNFs
amplify the exposure of active sites for the ORR. In
fuel cell applications, it can also be added to Nafion
nanocomposite membranes as a filler to increase
the power density and durability of fuel cells [127].
Electrostatic spinning, recognized as one of the most
effective methods for producing nanofibrous filaments
[128], results in electrospun carbon fibers that possess
a highly graphitized carbon structure. Due to its high
electrical conductivity and corrosion resistance, carbon
nanofibers are acknowledged as a highly active and
durable catalyst support. The loaded catalysts exhibit
enhanced electrocatalytic activity and more efficient
catalyst utilization. Electrostatic spinning has emerged
as the predominant preparation method for PEMFC
electrodes. Sunki et al. [129] improved the process of
electrostatic spinning technology and applied two dif-
ferent graphitization methods—thermal graphitization
and catalytic graphitization—to CNF. Fibrous carbon
materials are prepared by electrostatic spinning tech-
nology, thermal graphitization and catalytic graphiti-
zation. Pt catalysts are synthesized by polyol method
on three different types of fibrous carbon supports—
ordinary CNF support, thermo-graphitized CNF sup-
port (GCF-HT), and catalytic graphitized CNF sup-
port (GCF-(Co)). As shown in Fig. 7a-f, the Pt NPs are
uniformly distributed in GCF-(Co) when loaded onto
it, which proved that GCF-(Co) has a highly porous
structure and well controls the particle size distribu-
tion of Pt, with the particle size mostly concentrated
at 3-4 nm. After the AST test, as shown in Fig. 7g-h,
the corrosion resistance of the carbon is significantly
improved compared to the commercial sample Pt/C-
TKK, and the decrease in E; , is very small, indicating

that the catalyst has good electrocatalytic activity.
The improvement of the CNF synthesis process can
increase the degree of graphitization and thus increase
the service life of the fuel cell.

As carbon support, CNFs are susceptible to carbon
corrosion. Enhancing the degree of graphitization in
carbon supports can effectively mitigate this issue. As
a result, highly graphitized CNFs have been the focus
of extensive research and application. Furthermore,
the incorporation of dopant atoms into carbon nano-
materials not only reduces carbon corrosion but also
improves the activity and cycling stability [130, 131].
This enhancement is attributed to the altered electronic
structure of carbon nanomaterials. In recent years,
extensive research has been undertaken to investigate
these factors with the goal of achieving improved per-
formance. Srinu et al. [132] prepared N-F co-doped
GNFs supports, GNFs-NFs, and then loaded Pt NPs
onto GNFs-NFs using a modified ethylene glycol
(EG) reduction synthesis method. In order to investi-
gate the effect of the shape of the linear arrangement
of GNFs- (lamellar (L), antler (A) and herringbone
(H)) on the ORR performance, they synthesized L-Pt,
A-Pt, H-Pt, L-NF-Pt, A-NF-Pt and H-NF-Pt cathode
catalysts. As shown in TEM images (Fig. 7i-n), the
GNFs-NF supports resulted in fine particle size and
concentrated size distribution of Pt NPs, with the
majority falling within 3 ~4 nm, indicating that the
N-F co-doping makes the particles smaller in size and
more homogeneously dispersed. Figure 7o shows two
indicators, mass activity (MA) and specific activity
(SA), of the ORR activity of the catalysts. The MA and
SA of L-NF-Pt, A-NF-Pt and H-NF-Pt are significantly
higher than those of L-Pt, A-Pt and H-Pt, but signifi-
cantly lower compared to the commercial Pt/C cata-
lysts. The ECSA of L-Pt, A-Pt, H-Pt, L-NF-Pt, A-NF-Pt,
H-NEF-Pt and Pt/C measured by the RDE technique
are 113, 119, 123, 69, 70, 72 and 87 mz/g respectively.
As shown in Fig. 7p, after the AST test, it is found
that the loss of ECSA of H-NF-Pt is minimized and the
synergistic effect produced by the co-doping of N and
F resulted in higher electrochemical performance and
durability of L-NF-Pt, A-NF-Pt and H-NF-Pt catalysts.

Currently, the primary focus with CNFs revolves
around achieving stable graphitic structures.
By refining the synthesis processes, the desired
structures can be obtained, leading to a signifi-
cant improvement in catalyst corrosion resistance.
Highly graphitized GNFs are extensively researched
as a result. Researchers have found that different
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types of GNF structures have varying impacts on
reactions in fuel cells. Hexagonal GNF as an ORR
catalyst warrants further in-depth investigation.

Carbon black (CB)

Carbon black as a carbon support material for cata-
lysts is cost-effective and mechanically flexible. How-
ever, unlike other carbon support materials such as
mesoporous carbon, graphene, carbon nanotubes, and
carbon nanofibers, CB has a low degree of graphitiza-
tion. The level of graphitization reflects the number
of defects in the carbon support. Typically, carbon
corrosion begins at defective sites, with the degree of
graphitization determining the resistance or sensitiv-
ity of the carbon support material to carbon corro-
sion. To enhance the graphitization degree of carbon
black, researchers have combined carbon black with
other carbon materials to form unique hybrid sup-
port structures, aiming to improve durability while
maintaining the performance of Pt-based catalysts.
Zhou T et al. [133] mixed prepared porous carbon
nanofibers (PCNFs) with different mass ratios (20%,
30%, 40% and 50%) of CB to produce hybrid sup-
ports for Pt nanoparticles. The Pt NPs are then loaded
onto the composite support by the glycol reduction
method, and the resulting Pt/(PCNF + CB) is used as
a cathodic electrocatalyst. As shown in Fig. 8a-h, with
increasing CB content, the PCNFs and CB are evenly
distributed to form carbon composite supports. Ana-
lyzed by the LSV test, as shown in Fig. 8i, the E,), of
Pt/(PCNF + CB)-40% is 0.799 V, which is 25 mV higher
than that of Pt/C (0.774 V), the commercial Pt/C sam-
ple. It is suggested that the superior ORR performance
of the former is attributed to the porous structure of
PCNFs and CB stacking, which enhances oxygen
transfer and the oxygen reduction rate. Furthermore,
accelerated durability tests (ADT) conducted on these
catalysts demonstrate that the durability of those uti-
lizing composite supports markedly exceeds that of
commercial samples. This enhanced durability is likely
due to their improved graphitization.

To enhance the stability of carbon composite per-
formance, the electronic structure is also modified
through the incorporation of impurity elements.
Zhaoqi et al. [134] mixed electrochemically exfoliated
graphene oxide (EGO) containing -NH, groups with
CB to form a catalyst support-NrEGO-CB. The strong
electron donor behavior of N enhances p-bonding and
further improves ORR activity and catalyst durability.
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As shown in Fig. 8j, NrEGO is prepared by a hydro-
thermal method, EGO is doped and reduced by nitro-
gen doping, and Pt is loaded onto the support by pol-
yol reduction to form a Pt/NrEGOx-CBy catalyst. The
ORR activity is analyzed by LSV test and as shown in
Fig. 8k, the onset potential of Pt/NrEGO;-CB, is 0.861
V, which is slightly higher than that of the commer-
cial samples Pt/C (0.824 V) and Pt/NrEGO,-CB; (0.819
V). As the amount of NrEGO flakes increased, the
onset voltage gradually increased, indicating that the
presence of N favors the initiation of the reaction. In
addition, the electron transfer number of the N-doped
hybridized support catalyst increased from 3.8 to 4.2
with an increase in the amount of NrEGO, indicating
that the 4e reaction pathway with water as the product
is effectively utilized to fully exploit the performance
of the fuel cell. As shown in Fig. 81, the Tafel slope of
Pt/NrEGO,-CB; is 67 mV/dec, which is much lower
than that of the commercial Pt/C sample. Therefore, in
terms of durability, the attenuation of the Pt/NrEGO,-
CB; MEA at 0.80 A/cm? after 30 k times of AST test is
only 10 mV, while the attenuation of the Pt/C MEA
at 0.80 A/cm? is 92 mV, indicating the high corrosion
resistance of the composite carbon supports contain-
ing N.

Due to the low degree of graphitization, CB is sus-
ceptible to carbon corrosion. Combining CB with other
carbon materials to form composite supports exploits
synergistic effects among materials, enhancing both
ORR activity and corrosion resistance-an effective
strategy. To fully capitalize on the advantages of CB,
it is essential to conduct research into material prop-
erties and preparation techniques that increase the
binding strength between Pt NPs and CB, as well as
enhance its graphitization level.

Metal oxide (TiO,)

Metal oxides, unlike carbon, can serve as catalyst sup-
ports, effectively preventing carbon corrosion while
exhibiting extremely high CO tolerance and stabil-
ity. These properties result in lower onset potentials
and higher current densities during electrochemical
tests, thereby facilitating optimal ORR performance
[135, 136]. Titanium dioxide (TiO,) is renowned for its
robust stability, exceptional photocatalytic properties,
and non-toxic nature, making it a popular choice in
diverse applications, from paints and sunscreens to
pollutant degradation [137, 138]. Despite its advan-
tages, TiO,’s effectiveness is limited by its reliance
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on UV light, due to its wide bandgap, and the rapid
recombination of photogenerated electron-hole pairs.
For ORR, TiO, is explored for its potential to enhance
the durability and activity of catalysts, particularly
when used as a support material that can improve the
dispersal and stability of active catalytic sites [139].
TiO, is extensively utilized in multiphase catalysis and
has been explored as a catalyst support for fuel cells
owing to its high stability in acidic and aqueous envi-
ronments. Researchers have introduced rare metals
into the TiO, lattice, which protects the doped metals
from dissolution. This integration enhances conduc-
tivity and durability by forming a unique electronic
structure, thus improving the overall efficiency of the
catalyst [140]. To investigate the role of Pt-Mo bimetal-
lic system in PEMFC, D. Diczhazi et al. [141] prepared
Ti;,Mo,0,-C composite supports by doping Mo into
TiO, lattice using sol-gel method and mixing it with
activated carbon. This new support for Pt-based cata-
lysts has good stability and CO tolerance, and good
SMSI when Ti:Mo =4:1. Irina et al. [142] studied this
in detail and prepared Ti, gMo, ,0,-C composite sup-
ports by mixing commercial (BP: Black Pearls 2000)
with functionalized (FC) carbon materials loaded with
20 wt% and 75 wt% Pt using the glycol reduction pre-
cipitation method to obtain samples Pt/25BP, Pt/75BP,
Pt/25FC-4 and Pt/75FC-4, respectively. As shown in
Fig. 9a-b, the electrochemical stability of the catalyst
is tested for 500 polarization cycles, and the ECSA is
calculated from the capacitive current generated by
charging the double layer of CV. The ECSA loss was
recorded at 9.1% for Pt/25BP and 8.5% for Pt/75FC-4.
Notably, the ECSA of Pt/25BP was higher than that
of Pt/75FC-4, indicating that less Pt is needed for
enhanced CO tolerance. Consequently, Pt/25BP dem-
onstrates promising application prospects.
Enhancements in the electrical conductivity and
electrocatalytic activity of ORR can be achieved by
developing TiO,-activated carbon composite mate-
rials, where the activated carbon is required to be
highly graphitized. A homogeneous dispersion of
Pt NPs on metal oxide supports increases the ECSA
and thus the utilization of Pt. Jian Kong et al. [143]
prepared TiO,@CNT supports by sol-gel process
combined with annealing process and anchored Pt
NPs around TiO, nanoparticles by photodeposition
technology, as shown in Fig. 9c. Figure 9d-e shows
the HRTEM images of the synthesized Pt/TiO,@CNT.
Ultrafine Pt NPs with a lattice spacing of 0.227 nm
are deposited around TiO, nanoparticles to form a

unique Pt-TiO,-CNT triple structure which has good
properties. As shown in Fig. 9f, 10,000 cycles of ADT
are used to test the durability of the supports. It was
found that Pt/TiO,@CNT has excellent ORR stability
compared with the commercial sample Pt/C. After
ADT, the ECSA of Pt/TiO,@CNT and Pt/C decreased
by 5.7% and 32.6% respectively. Chanmi et al. [144]
used a hydrothermal method to prepare an NG-
TiON composite consisting of N-doped graphene
and N-doped TiO2 as a Pt-based catalyst support.
Pt/NG-TiON was compared with Pt/TiO,, Pt/G-TiO,,
Pt/NG-TiO,, and Pt/C catalysts. The initial E;/, of Pt/
NG-TiON, Pt/TiO,, Pt/G-TiO, and Pt/NG-TiO, are
0.868 V, 0.843 V, 0.855 V and 0.85 V respectively.
After 20,000 ADT cycles, the E, ), is 0.865 V, 0.831V,
0.837 V and 0.81 V respectively. The E;/, loss of Pt/
NG-TiON is only 3 mV. The initial mass activity of
Pt/NG-TiON is 28.52 A/gp, and only 17.8% is lost
after 20,000 ADT cycles. It is shown that Pt-based
catalysts using N-doped activated carbon-metal
oxide composite support have high durability and
apparent stability.

Utilizing metal oxides as catalyst supports not only
mitigates the issue of carbon corrosion but also allows
for the adjustment of the d-band center of Pt in accord-
ance with the SMSI principle, enhancing the catalytic
activity for the ORR. However, incorporating metal
oxides tends to exacerbate metal segregation. Dur-
ing continuous cyclic operations, Pt and other metal
nanoparticles may aggregate, and the absence of a
uniformly dispersed structure can precipitate cata-
lyst degradation. To address this limitation, further
investigation into the catalyst’s structure is essential to
identify an optimal configuration. Ensuring a uniform
distribution of metal particles throughout the process
represents a crucial direction for developing highly
active and stable ORR catalysts. The Pt/TiO, anode
catalysts prepared by Sang-Hoon et al. [145] showed
good HOR selectivity, which was mainly due to the
fact that O, could not be transported through TiO,,
thus inhibiting ORR. In contrast, under hydrogen-rich
conditions, the insulating TiO, layer was reduced to
a conductive TiOOH layer, achieving HOR selectiv-
ity. Pt/TiO, catalysts with HOR selectivity showed a
threefold increase in durability in MEA compared to
commercial Pt/C catalysts. Stithmeier et al. prepared
a Pt/TiO,/C (x<£2) anode catalyst that successfully
mitigated cathodic carbon corrosion. The Pt particles
are encapsulated by a thin layer of TiO, (x<2) and
an SMSI effect is formed between Pt and TiO,, which
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reduced the ORR activity of the catalyst. The HOR
selectivity of the Pt/TiO,/C catalyst is about 5 times
higher than that of the conventional Pt/C catalyst. In
the future, improving fuel cell durability by increas-
ing anode HOR selectivity will be the mainstream of
automotive PEMFC research.

Other materials such as graphitic carbon nitride
(g-C3N,) was also explored for Pt-based catalysts [146,
147]. As a two-dimensional semiconducting polymer,
g-C;N, features a band gap of about 2.7 eV, which is

@ Springer

B ML s}

: ] Mater Sci (2025) 60:2199-2223

Pt/25FC-4
Pt/75FC-4

E (Vvs RHE)

+Ti(OBu),

Sol-gel and
heat treatment

TiO,@CNT
+ H,PtCl,
.« Hg Lamp

< Eap

J(mA em™)

E(V vs. RHE)

ence [142]. Copyright 2021, Elsevier. (¢) schematic of Pt/TiO,@
CNT synthesis. d—e HRTEM image of Pt/TiO,@CNT. f LSV
curves of Pt/TiO,@CNT and Pt/C before and after ADT in 0.1
M HCIO, solution at 25 °C. Reproduced with permission from
reference [143]. Copyright 2020, Elsevier.

beneficial for facilitating charge separation. Its high
thermal and chemical stability ensures durability
under the harsh conditions typical of ORR processes.
Moreover, the structure of g-C;N, promotes efficient
electron mobility, enhancing the overall electrocata-
lytic activity of Pt-based catalysts. These properties
make g-C3N, a promising support material in appli-
cations such as photocatalysis, water splitting, and
sensors, and particularly valuable in enhancing the
performance of Pt-based catalysts in oxygen reduction
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reactions, crucial for advancing electrochemical energy
storage technologies [148, 149].

To provide a clearer understanding of the various
support materials available for Pt-based catalysts in
oxygen reduction reactions, the following table sum-
marizes their respective advantages, disadvantages,
and potential applications (Table 1).

Discussion

Support materials are instrumental in enhancing over-
all catalyst performance. They enable the formation
of complex catalyst structures, significantly reducing
Pt usage by providing a high surface area for better
dispersion of Pt nanoparticles. Additionally, support
materials improve catalyst durability by stabilizing
active sites and protecting them from degradation
under harsh operating conditions. They also enhance
ORR activity by optimizing the electronic and struc-
tural properties of the catalyst. Furthermore, advanced
support materials improve mass transport and heat
management within the catalyst layer, further boost-
ing the efficiency and longevity of fuel cells [11]. Thus,
developing novel support materials for Pt catalysts
provides a promising solution to enhance catalyst
performance.

Durability is a crucial characteristic when design-
ing support materials for Pt-based catalysts, particu-
larly in the context of ORR for fuel cells and other
energy-related technologies [160-162]. To ensure
these materials meet the rigorous demands of practi-
cal applications, it is essential to conduct comprehen-
sive long-term stability tests. These evaluations help
ascertain the material’s resilience to degradation over
extended periods of use, a factor that directly influ-
ences the lifespan and efficiency of fuel cells [163].
Additionally, understanding the mechanisms behind
the deterioration of support materials under various
operational stresses such as fluctuating temperatures,
chemical exposure, and mechanical stress provides
invaluable insights. These insights are instrumental
in the iterative process of material improvement, aim-
ing to enhance their structural integrity and functional
capacity, thereby paving the way for their successful
commercialization and broader technological inte-
gration [164]. These support materials are expected to
significantly extend the catalytic life of the Pt-based
systems, ensuring sustainable performance under
operational demands.

Table 1 Comparison of different support materials: pros, cons, and applications

Ref

Applications

Cons

Pros

Support materials

[150, 151]

Works best under high humidity conditions as

Performance limited under low humidity,

Mesoporous carbon High surface area facilitating better catalyst

the pores facilitate water management within

Dependency on humidity for optimal perfor-

mance

dispersion, enhanced mass transport due to

porous structure

fuel cell membranes

[113, 152]

High production cost, Processing challenges,  Ideal in environments requiring high conduc-

Exceptional electrical conductivity, which

Graphene

Potential instability in harsh environments tivity without significant thermal or chemical

enhances electron transfer in ORR

degradation

[153]

Effective in systems where space confinement

Difficult dispersion in confined spaces, High

Unique tubular structure provides excellent

Carbon nanotube

and conductivity are critical

cost and processing complexity

electron pathways

[154, 155]

High production cost, Complex manufacturing Best used where mechanical stability and

Good mechanical strength and electrical

Carbon nanofiber

endurance are valued, such as in automotive

process

conductivity

applications

[156]

Lower electrical conductivity and catalytic Suitable for applications where cost-effective-

Economically viable and widely available;

Carbon black

2217

[157-159]

ness is a priority over the highest efficiency

under high oxidative environments

efficiency compared to advanced materials
Stability issues under high oxidative conditions Performs well in systems requiring stability

introduce unique interaction effects that can

provides good electrical connectivity

Improve the durability of Pt catalysts and
enhance ORR activity

Metal oxide
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For carbon-based supports, they are susceptible to
inevitable corrosion issues that significantly under-
mine their stability and longevity [165-167]. This vul-
nerability is a critical concern, especially in PEMFCs
and other electrochemical systems where durability is
essential. The production of CO, and CO due to car-
bon corrosion has several detrimental effects on the
catalyst’s performance [168]. The depletion of carbon
material reduces the structural integrity and mechani-
cal strength of the support, thereby diminishing the
overall surface area critical for dispersing and stabiliz-
ing catalyst nanoparticles. As carbon support corrodes,
Pt nanoparticles may detach and aggregate, result-
ing in a loss of active surface area and a subsequent
decrease in catalytic activity [169]. This detachment
is particularly problematic as it directly impacts the
ECSA and, consequently, the efficiency of the catalytic
process. Furthermore, the generation of CO can poison
the catalyst by absorbing onto active Pt sites, further
diminishing catalytic activity for reactions such as the
ORR and HOR.

To enhance carbon support, it has been noted that
doping with impurities can significantly improve the
intrinsic ORR activity in fuel cells [170]. Specifically,
the incorporation of nitrogen into carbon supports
has been extensively researched and applied due to
its effectiveness. Nitrogen, which is adjacent to carbon
on the periodic table, shares a similar atomic radius
with carbon but possesses a distinct electron configu-
ration and electronegativity, making it an ideal dopant
[171]. According to the researchers’ DFT calculations,
the carbon atoms near the nitrogen dopant have a sig-
nificantly high positive charge density, which counter-
acts the strong electronegativity of the nitrogen atoms.
By modifying the charge of neighboring C atoms,
interfacial electron transfer and reactant adsorption
are promoted, thereby enhancing the 4e” pathway
of ORR. On the other hand, Pt-based ORR catalysts
favoring the 4e” pathway can be obtained by modify-
ing the structure of Pt-based NPs without the use of
supports, e.g., the compressive strain induced by the
alloy core—shell structure can weaken the Pt-O binding
energy and increase the 4e” ORR activity [172]. There
is also potential for developing a novel alloy core-shell
structure, where certain transition metal elements are
encapsulated on the surface, with Pt NPs located in the
inner layer of the core—shell configuration [173]. This
arrangement prevents the dissolution loss of platinum
and effectively enhances the durability of the catalyst.
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Single atom catalysts (SACs) offer superior activity
and selectivity due to their unique atomic environ-
ment and strong metal-support interactions, leading to
more efficient fuel cell operations with reduced plati-
num usage [174, 175]. However, challenges remain in
ensuring the long-term stability and cost-effectiveness
of SACs, directing future research towards innovative
synthesis methods and better support materials [176].

Furthermore, it is essential to study Pt-based cat-
alysts under actual fuel cell operating conditions.
The efficacy of Pt-based electrodes in electrochemi-
cal processes can be influenced by the type of elec-
trode used. Carbon paste electrodes (CPE) are valued
for their low background current and easy surface
renewal, whereas glassy carbon electrodes (GCE) offer
a robust, inert surface with a wide potential range.
RDE provides controlled hydrodynamics, enhancing
mass transfer and allowing for more precise kinetic
studies. Each type impacts the performance and
observed activity of Pt-based electrodes, making their
choice crucial for specific applications. Future research
should focus on understanding and addressing the
challenges encountered during fuel cell operations to
enhance the performance of Pt-based electrocatalysts.
In practical applications, it has been observed that, due
to frequent start-up and shut-down (SU/SD) cycles,
PEMFCs intermittently experience coexistence of O,
and H, in the anode flow channel [177]. The residual
O, triggers undesired ORR at the anode, resulting in
transient potential jumps and elevating the potential
of the cathodic catalyst layer to 1.5-2.0 V. Such condi-
tions accelerate the corrosion of the carbon support
material, subsequently degrading the performance of
the PEMFC. To enhance the transient stability of fuel
cells, it is essential that anode catalysts facilitate the
HOR and suppress the ORR at the anode. This neces-
sitates a catalyst that selectively promotes HOR while
effectively inhibiting ORR at the anode.

Overview and outlook

This review examines substantial advancements in Pt-
based cathode catalysts, emphasizing the role of both
carbon and non-carbon supports in augmenting the
ORR activity and durability of these catalysts. Further-
more, this review provides insights into the characteri-
zation methods for evaluating the ORR performance
of Pt-based cathode catalysts, offering guidance for
future research activities, such as selecting preparation
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methods, tuning element compositions, and optimiz-
ing structures to achieve effective ORR catalysts.

The uniform distribution of Pt NPs on the support
is crucial for fuel cell performance, as it affects the
ECSA and its retention after cycling. To increase the
feasibility of using Pt in hydrogen fuel cell vehicles,
cost reduction is essential. A promising approach is
to enhance the bonding strength between the support
and Pt-based NPs, thereby reducing the required Pt
loading. Despite these advancements, several key
issues warrant further investigation. Understand-
ing the ORR mechanism and the four-electron path-
way is essential to address practical challenges in
automotive PEMFCs. Based on the current review
of Pt-based catalysts, future PEMFC research should
consider the following points:

e For carbon support, enhancing the preparation
process to increase the degree of graphitization
and develop a porous structure can mitigate the
impact of carbon corrosion on catalyst perfor-
mance. Doping carbon composite supports with
metal elements at high potential has been shown
to improve the selectivity of the four-electron
ORR pathway. However, the underlying mech-
anism driving this selectivity remains unclear.
Therefore, further research is urgently needed to
fully exploit the efficiency of fuel cells.

e When using metal oxides as non-carbon sup-
ports, it is important to consider the mechanism
of SMSI, which influences the d-band center
value of Pt. Adjusting the composition of metal
oxides can optimize the d-band center value for
enhanced performance. Beyond TiO,, other metal
oxides have demonstrated excellent potential as
support materials. Future research on SMSI will
help identify more suitable metal oxides to fur-
ther improve the ORR performance of catalysts.

¢ In the practical application of automotive PEM-
FCs, it is crucial to develop catalysts that can
withstand continuous cycling during SU/SD
events. These catalysts should effectively mitigate
the anode ORR, promote the HOR, reduce cata-
lyst overpotential, and prevent support corrosion,
as well as the detachment and aggregation of Pt
NPs in harsh environments. These improvements
are essential to extend the service life of fuel cell
vehicles.

¢ Enhancing the morphology and structure of Pt can
improve the SA and MA of the catalyst. Several

studies have demonstrated that core—shell struc-
tures with a Pt shell layer can significantly enhance
Pt utilization by increasing the ECSA. By leverag-
ing the advantages of Pt nanostructures and novel
supports, advanced ORR electrocatalysts have been
developed, bringing PEMFCs closer to commercial
application.

¢ SACs: The integration of SACs presents a promis-
ing frontier. SACs utilize atomic-scale precision to
maximize the catalytic efficiency of precious met-
als like platinum. Future research should focus on
optimizing SACs for enhanced stability, exploring
new support materials that can maintain single-
atom dispersion under operational stresses, and
scaling these technologies for commercial deploy-
ment.
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